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Foreword 


The concrete infrastructure requires regular assessment in order to ensure 
public safety and cost-effective maintenance practice. Assessment efforts 
verify in place material condition, damage state, position and geometry of 
elements, and other important structural characteristics. But carrying out 
assessment using direct sampling and observation of the structure is not 
always possible, especially if the volume of interest is hidden from view 
(e.g. in the case of internal damage), or physical access to 1 
interest is restricted, or cost concerns limit the number of 
samples that are collected. 



Non-destructive assessment and evaluation (commonk reared to as 
NDE) methods offer the ability to infer material CMMnm information 
where direct sampling and inspection cannot. And bS^use <of the inherent 
non-damaging nature of the tests, many data canm^conected and analyzed 
without fear of adversely affecting the strurtmf umer inspection. In NDE, 
a specific test phenomenon is applied anarft&response observed. Many 
different types of phenomena are a ppro priate for application to concrete 
structures, including mechanical w»e propagation, electromagnetic wave 
propagation, penetrating radiatim^ optics, magnetism, and heat transfer. 
Application of the phgio^^iol^test method) and observation of the 
observed phenomenq^gi^^^^onse (test data) is often made difficult by 
the nature of the co»Cmte mfrastructure: large size, difficult access and 
naturally inhomogenmoui/material makeup. 


The nature M these different phenomena varies and the quality of the 
connQdfro^kph^n the structural or material characteristic of interest also 
varies, expending on the particular phenomena employed and the 
cha ^teg ftic of interest. After some processing, the observed test data, or 
in some cases judicious combination of distinct types of data, are normally 
related to the material property or structural condition of interest through 
some model. But in some cases, this connection is established by a 
normative rule set. For example, X-rays are less likely to be absorbed or 
scattered along paths within a solid that contain air-filled cracks and voids; 
thus we can infer that those paths that reveal higher X-ray intensity contain 
high amounts of such damage. 


We see, though, that NDE relies on an indirect connection between the 
observed phenomena, and the quality of the NDE result depends as much 
on the appropriateness and rigor of this connecting model as on the quality 
of the observed phenomenological data themselves. Thus appropriate and 
effective use of NDE needs balance of requirements: 


(i) hold suitable understanding of the underlying phenomenon, 

(ii) deploy testing methods correctly, and 

(Hi) apply appropriate and accurate connecting models in the anahpis-. 

This book aims to give the reader a solid basis in these thjee a^aslwth a 
particular focus on complimentary combinations of techniq%s^mnprove 
the assessment. 

Chapter 1 introduces the basic concepts of NDK^^^put the associated 
challenges for concrete structures and offersLgra^e solution to these 
challenges through the combination of (hstmct techniques. Chapter 2 
provides fundamental information about the umerlying phenomenological 
basis and principles of individual NJ^Ltest methods. Chapters 3 to 7 are 
devoted to specific NDE a pplilgfigp ^: strength assessment, defect 
characterization, geometry (thiafcj^ess or depth) determination, etc. The last 
chapter revisits the ccpc^^^^iest method combination, thoroughly 
addressing the chaU^yLg^^associated with NDE and proposing future 
directions of develoj 

This book is aumpred and edited under the auspices of RILEM Technical 
Committee JMm, which is made up of internationally recognized 
expert§Ji/^^neld. From this book, the reader will obtain a thorough 
badfegrouHd m non-destructive assessment methods that is essential for 
effec ^p^ ronlication to concrete structures, representing technical progress 
in an important field. 




John S. Popovics, Ph.D. 
The University of Illinois at Urbana-Champaign 
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1 Non-destructive assessment of concrete: objectives and key 
challenges 


Condition assessment of building materials is critical when reassessing 
existing structures, since material ageing can result in performance loss, 
degradation of safety, and maintenance costs. For these reasons, the use of 
non destructive testing (NDT) has become more common to assess the 
condition of existing reinforced concrete structures. The first part oi^his 
book shows the range of NDT methods that are available, whjdn ^hpw 
some sensitivity to concrete properties or defects. Their ^se /naslecome 
more common to assess the condition of existing reinfi^el^Toncrete 
structures. When detecting or suspecting of a possible e.g. after 

visual inspection, the usual approach with applioipbnvn NDE is the 



following: 

(a) to identify first the roots of the problem! 1 

(b) to know if there is a possibly evouralw of damage and, if any, at 
what rate, and 

level of the problem, its location 


bten 



(c) finally to know what is thej> 
and extent. 

Much research has 
processing.. Some 
techniques and referi 
like strength ass 
synthesize 
(Bun; 





to developing techniques and data 
nrbk^s have been developed for individual 
ts have been produced on individual problems, 
EN 13791 2007). Some authors have also tried to 
lities of techniques with respect to a given problem 
liar 1996, Uemoto 2000, IAEA 2002, Breysse and 
or to define the most promising paths for future 
nts (OECD 1998). The general agreement is that the quality of 
is limited by various uncertainties caused by: the testing 
method, systematic interferences with the environment, random 
interference (due to intrinsic variability of materials), human factors, and 
data interpretation (Gehlen et al. 2006). The fact that concrete as a material 
is inherently variable also restricts the practical conclusions that can derive 
from NDT investigations. Thus, improved assessment can be achieved by 
reducing any of these sources of uncertainty/variability. 


The lack of internationally acknowledged standards or guidelines is a 
significant limitation: 


• the choice of the most appropriate technique for a specific problem is 
not simple, 

• reference guidelines guaranteeing the relevance of the measurement 
protocol (preparation of the surface, number and mesh of 
measurement points...) are often lacking, 

• the interpretation of measurement results to assess the structural 
properties can be difficult. 

Until now, efforts undertaken to improve techniques (e.g. devep^k^ 
innovative equipment or post processing of data, numerical sum&kms, 
benchmarking techniques on pilot sites, etc.) have mainh* beandane at a 
national level with many work groups or national resjplkprojects in 
Germany, Britain, France, USA, and Japan. But these eJ|pd^have not lead 
to conclusions or proposals which could be Jfed the various 
participants in the field: building managers, conrf^tprs, regulators, NDT 
practitioners and consulting engineers. Due to t#fese increasing needs 
(validated NDT protocols, quality contrd^^jl structural assessment of 
ageing structures) we must now inremate - at an international scale - the 
huge amount of information andT kwVledge that has already been 
produced. For this reason, RILE^fcrWrfed a Technical Committee working 
on these questions, whose4^rS^j^re presented in this book. The text of 
this introductory cbapt^ mainly focus on material condition 
assessment, but the relfcr invited to consider that the same principles 
will remain valid foi iQthJ rproblems, like geometrical assessment or defect 
detection. 



ICRI guiddkJnoknave synthesized the more common uses of NDT (ICRI 
2009)?xli^^guidelines cover the assessment of all information which 
s^ms useful for condition assessment of structural concrete prior to repair 
designed execution: in-situ concrete strength, location and extent of 
delaminations, location and extent of concrete cracking, severity, location 
and extent of fire and frost damage, location and extent of void 
honeycombing, thickness of concrete members, and presence and rate of 
corrosion activity. Among all of these issues, which will be addressed in 
the following chapters, three of them illustrate the complexity of concrete 
assessment: 


Stiffness and strength assessment. The knowledge of the elastic 
modulus or of the compressive strength of concrete is necessary to 
perform a structural evaluation, as they are prerequisites for any 
safety or reliability analysis. These parameters can be determined 
from tests on core samples, but cores offer information of the 
properties only at the point where the specimens have been taken. 
Thus it is difficult to obtain a representative view of the mechanical 
properties, since the material as well as the damage level can be 
spatially variable. NDT provides an interesting alternative since it 
enables wide coverage. The principal problem with NDE is 
correlating the values of the NDT measurements to the meclyifcal 
properties. Still, non-destructive techniques can be used to as^ks tie 
structural condition, even if they only provide an indirect information 
(De Lorenzis et al. 2004). Rebound measurement ancft^r ^grA pulse 
velocity (UPV) are most suited NDT methods Jglrwis purpose 
(Malhotra 1981) and a recent European standard hg%gf^n attention to 
this task (EN 13791 2007). Jit v 

Water content (or moisture content) assessi^^. .Monitoring moisture 
content is important for two reasons: a hiA%tofe of water content can 
be the sign of poor quality concrete JiaM moisture content enables 
damage mechanisms even if gfcicrete is of good quality originally. 
Many NDT methods are sensijf^tp both material parameter (e.g. 
Young’s modulus) and to ffloij mre content. Due this double 
dependency, one cannot eppy Jietermine the cause for the measured 
variations in the NDTIt has been shown that the question 

r influence on deterioration process is 
materials like timber or masonry (Breysse 
been named the “humidity paradox” (Shaw 


of damage detegtio; 
similar in other 
2008). This pr< 
and Xu 199, 



Corrosic 


ssment.. This is an important problem since many 


r^ifc^ed^ncrete structures suffer severe damage due to corrosion 
ofinte^d steel (due to chlorides in marine environment, deicing 
k salts,pr other causes). The cost of corrosion is estimated to be about 3 
r % of GNP in Western countries. The U.S. Federal Highway 
Administration (FHWA 2002) released a study in 2002 on the direct 
costs associated with metallic corrosion in nearly every U.S. industry 
sector. Results of the study show that the total annual estimated direct 
cost of corrosion in the U.S. is a staggering $276 billion— 
approximately 3.1% of the nation’s Gross Domestic Product (GDP). 
Corrosion attacks steel reinforcing bars and cables in pre-stressed 
structures, and material and structural assessment of such structures 
is critical when one wants to evaluate residual capacity, to design a 






reinforcing solution or to plan maintenance. The detection of defects 
like grout voids in tendon ducts, which favour corrosion, constitute 
another challenge. Some techniques have been standardized and make 
it possible to assess the material condition of corroding structures. 
However, many problems remain unresolved. 


These three topics address the two domains of mechanical assessment and 
durability between which the boundary is not well defined: the mechanical 
properties of tomorrow are often dependent on the deterioration process of today. 
Different classes of concrete degradation can occur: either physico-mechanical 
(overloading, freeze and thaw, fire, restrained strains during shrinkage or 
temperature elevation, etc.) or physico-chemical (corrosion, alkali-ag greg ate 
reaction, sulfate attack, etc.). But regardless of the class of degradation, thg 
in distributed damage, which may take the form of a porosity increji 
microcrack network, and local damage, which may take the forgi offielailMation 
or macrocracks, which must be assessed (Breysse, 2010). 

Three requirements should be satisfied for NDT assessment: T* 

(a) being able to detect defects or variation of proi^ro^f between two 
structures or within one structure, 

(b) being able to build a hierarchy (i.e. to prfnSfcjjpr a scale) regarding a 
given property (e.g. mapping sti ^fiagfe s. plotting changes in 
dimensions...), between several^jgas in a given structure or between 
several structures, 


(c) 


al^keas 


being able to quantify th€S^ ^IfBperties, e.g. comparing them to 
allowable thresholds nee values (e.g. expected strength or 


planned dimensic 

Of these three require 
difficult to satisi 
techniques can < 

In this jchanfer^ 

In a se^ncroart, 




atsfthe last one is the most critical and also most 
propose that a well chosen combination of 
oute to improved assessment of concrete structures. 

will first address the “traditional approaches” of NDT. 
combinations of techniques will be analyzed from a 
fdlb^l pokt a view and illustrated by two practical examples. Finally, we 
willT^TO explain, relying on a single example, what can be the practical 
interest and the practical limits of such a combination. Throughout this 
book, many examples of combination of techniques will be presented. The 
reader is invited to keep in mind the opportunities and difficulties that will 
be discussed here when reading about combination of techniques for each 
specific application. 





2 Added-value of combining techniques: traditional approaches 


2.1 Purpose for combining techniques 


When addressing material condition, the expert can have different 
objectives. He can limit himself to a qualitative view, for instance by 
identifying spatial variations in the measured parameters, but he can be 
more ambitious and try to quantify these variations, for instance bffl||ge 
he needs some input values for structural computations before repair W^for 
reliability assessment. In this case, one needs a validated rathmology 
such as to ensure the quality of estimates. Much research halto^efFaevoted 
to the development of techniques and data nroces sma^ OT improved 
assessment of building materials. Many case spumes Vxist in which 
different techniques have been combined, but reafSIdi|l / value can only be 
obtained if the issue of combination is corre^yl^pflyzed (Derobert et al. 
2005). This added value can be defined 4kA terms of (a) accuracy of 
estimation of properties, (b) rel@%nce of physical explanations and 
diagnosis, (c) reduction in time to re^cn^given answer. 

The combination of techniqudpl^ BSr pursue various objectives, like 
confirming with a second Whl£pie what has been observed with a first 
one, zoning the area w]^e\^more sophisticated investigation will be 
performed in the decreasing the number of borings by 

identifying the areas jyh j lTborings will be more informative. 

We will refer n 0W,0 to three possible types of combinations that will be 
illustrated b^^jweral examples (either in the laboratory or on site), all 
drawi^N^m^xperiments performed in the frame a National Research 
I^^ect (mlayssac 2008): 

fe [A]: comparison of results obtained via two or more techniques, 
so as to confirm measurements and recorded variations. 


• Type [B]: comparison of results obtained via two or more techniques, 
so as to improve the interpretation of results. This improvement often 
needs some analysis (image analysis, statistical analysis), which 
enables one to go further than a simple visual confirmation, 





• Type [C]: use of a “quick” technique to have a first rough mapping, 
followed by a second “slow” technique in the areas selected in the 
first step. 

The following sections show only a few examples, from limited 
experience. Tables 1 to 3 provide additional references of similar 
combinations. 


2.2 Type [A] combination - confirmation of test results obtained 
with different techniques 


$ 


The combination of three techniques (infrared thermogltonh ctrical 
resistivity and capacitance) to assess the moisture contenL4^^pge state of 
material along a profile is described in detail in (Napl^yhl. 2005) and 
(Sirieix et al. 2007). In this case study, a precast e^L^eie duct in which 
some damage (crack patterns) had been identif^ed^as inspected through 
several different techniques: capacimefi/l (measuring permittivity), 
infrared thermography and electrical resrSlWity. Radar and ultrasonic 
measurement were also tested but^ pr radar, the high density of rebars 
prevented any efficient processing ojpfesults, and reliable ultrasonic 
measurements were impossible/^l^ne device used due to the curvature 
of the surface. The long^u(i^l%^ations of the three measured properties 
shA^ stMing similarities (figures 1-3). In Figure 1 
^ptfrequency that is proportional to the material 
variation of the electrical resistivity (Fig. 2) and 
e surface temperature, measured by infrared 
r3) show similar pattern. In all figures the black area 
rt of the structure where the concrete had been repaired, 
ause ol extensive damage, which prevents any comparison. A dotted 
regrl^jpli curve has also been added, which exhibits a parabolic shape for 
the three series of measurements. 


along the duct profr 
the variation of a re: 
permittivity is sh^ 
the variation 
thermograi 
indie: 
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Figure 3. Average temperature with error bars of the keystone measured wr 

(0.38 x 0.46 m 2 ) 

The data scatter is indicated by error bajx, 
magnitude of the longitudinal variation ifr ..much larger than the local 
variability/uncertainty. The similaAies among the three NDT results 
illustrate their mutual confirmation.^mtechnique would have been used 
alone, a second technique (or one) would have reinforced the 

confidence in the assessment fofWis a direct illustration of a Type [A] 
combination. 

These similarities can|fae explained in terms of material moisture content 
and/or damage varimoi^ since all three techniques are sensitive to these 
two causes. Ho^Sfer/me measurements, even combined, do not provide 
any informatemltoHout the reasons for these variations. Two opposite 
intert^tat^i^are suggested: 

Jt is possible that the material damage varies along the abscissa, which 
xerpreted as an increase in porosity; this leads to lower 
frequencies, lower resistivities and lower temperatures in the mid part 
of the duct, due to higher moisture content in the saturated concrete, 


• It is also possible that the variations in the moisture content profile are 
caused by environmental conditions: the duct faces south-west on its 
left-end and north-east on its right-end, which favors a relative drying 
of the concrete cover near both ends. In this case, the longitudinal 
variations can be explained without any damage or cracking. 































Going further in the interpretation would require a more detailed analysis 
of the parameters influencing each property measured; this will be 
discussed in § 3.1. This is the reason why recent efforts have been 
undertaken, in an extensive research project, to better understand (and 
quantify) how NDT parameters are sensitive to various possible 
influencing factors (Balayssac 2008). This issue is a central one, and will 
be addressed in detailed fashion in this book. 


This type [A] of combination has also been carried out in another case 
study. The specimens, made of various types of concrete in the 25 MPa- 
120 MPa 28-day compressive strength range, had been subjected 
attack (in the tidal domain in La Rochelle harbor) for severaly«rs^The 
specimens were investigated and ranked by various •noi4des^uctive 
techniques. Figure 4 illustrates how the electrical resistivi^ vl^d with the 
concrete mix. For each type of concrete, the cormjp^^ing rectangle 
marks the average value of resistivity plus/minus on^fcmaard deviation. 

The very high sensitivity of resistivity to conci^etftrength is confirmed 
here. It enables to rank strengths for similai>ccmcrcfes (normal concrete, or 
concrete with fly ash addition or silka fume addition) kept in comparable 
environments. Figure 4 also confirm^^tt various types of concrete cannot 
be directly compared. 



Figure 4. Electrical resistivity of 10 concrete mixtures with various strengths 


(from left to right: normal concretes, CV = fly ash addition, FS = silica fume addition). 











The resistivity of M30CV (compressive strength 30 MPa with fly ash 
additions) is higher than that of M50 (normal concrete, compressive 
strength 50 MPa). Measurements performed by (Wolsiefer 1991) had yet 
shown the higher resistivity of concrete with silica fume addition, this 
increase being more important for low w/c ratios. The ranking of 
specimens based on electrical resistivity measurements (Lataste et al. 
2005) was confirmed with radar measurements and capacimetry. However, 
as observed in the first case study, this confirmation (Typ^^A] 
combination) tells nothing about the physical explanation . The^hjvsics 
involved in each non-destructive technique is sengtivefurl many 
microstructural parameters (porosity and connectivity, pr>toeBii< of the 
particles...) as well as to parameters depending ^j^rmronmental 
conditions (moisture content, chloride content...). Thife, t^rvariation of a 
single physical property (radar attenuationf%erW(rical resistivity, 
capacity...) can have various alternative exjJaMm^s. For instance, the 
variation in electrical resistivity could b ej(flua to a variation in porosity 
(which changes greatly between distent mixes), moisture content (which 
changes with time due to the tidm^ffects) or chloride content. The 
magnitude of influence of thes e^o miMe causes must be assessed before 
interpretation. 

Several influences conlfoi n^^lDT response: here the material strength 
cannot be deduced fr mkt h^rreasurement of the resistivity alone, since the 
relation between strqngtMhd resistivity depends on the concrete mix. This 
question will idSI Tie addressed in this book: since many NDT 
parameters^^^srasitive to individual influences, it is difficult to 
formii&tflivunF^ersal laws” which, after inversion, provide direct 
acgess tcStherproperty that is sought. For this reason, the combination of 
ND %^mg asurements can be fruitful. Table 1 gives some additional 
references where the authors have used a “Type A” approach when 
combining non-destructive techniques. 



Table 1. Examples of Type A combination of non-destructive techniques 


Reference 

Techniques used 

Structure 

Objective 

Scott et al., 

Impact echo, 

Bridge 

Comparisons between 

2003 

radar 

deck 

techniques 

Alt et al, 

Infrared 

Bridge 

Detection of 

1996 

thermography, 

deck 

delamination 


radar, electrical 
techniques 

/ 


Yong Hao & Radar, impact- Bridge 

Kee Ee, 2003 echo, dynamic deck 

response 


Weise et al.. Radar, 


Hydraulic 


2008 


udeckltrasonic structures 


Maser et ah, Radar, impact- 


2003 


echo 




4 


avement 


De Bold et Ultrasonic 
ah, 2010 


(Jr j Building 
impact^c (thick 


Parthasara 
et ak 

A 


thasarat#%. P 


xebvS 

& 


resp<^mu:Mar, 
hammer 


concrete) 


dar, pulse echo Slabs 


Detection of ddflkg^ 

ificatic 


dentific 
)f dama 


[ficafion and zoning 
age (cores used 
confirmation) 


Accuracy of results for 
depth evaluation 

Condition assessment 


Accuracy of results for 
defect detection 
(delamination, cracks, 
honeycombing) 





2.3. Type [B] combination - improvement of test result 
interpretation obtained with different techniques 


This type of combination is illustrated in the case of an abutment wall of a 
French bridge near Lilies, Nord (figure 5). 



Figure 5. View of the bridge tested with 


The inspected area, below 


White line below the deck gives 


is subject to alkali-aggregate reaction 
(AAR), and some crakyfc plto£rns can be seen on the concrete surface. 
The structure can oiwfcelltvestigated from one side. The same profile, 
approximately 12 mhjng, was inspected using radar and electrical 
resistivity meas^mants. The visible damaged area was localized between 
9.8 m and 

gs are potentially sensitive to AAR, since damaged areas 
■ moisture content. A higher value of moisture content increases 
the cftplf&ation of the direct wave amplitude (radar) and decreases the 
resistivity. Thus the AAR assessment is only indirect, since the two 
techniques take advantage of moisture content sensitivity. 


Both 


Figures 6 and 7 show the results obtained along the profile with a 
measurement step equal to 20 cm (each point is the average value of three 
neighboring measurements. The electrical resistivity is obtained using a 5- 
cm-square device. The repetition of measurements reduces the effects of 



noise measurements, as will be seen in §3.2. For both curves, the 
longitudinal profiles indicate a slow variation (decrease of radar amplitude, 
decrease of resistivity for electrical measurements) and a drop at the right 
end, more contrasted for radar. The two NDT also show a very different 
sensitivity: since resistivity is divided by a factor 6 between the left end 
and the right end, the decrease of the amplitude of the radar wave is only 
about 20 %. The question of sensitivity is a key issue, when performing 
NDT investigation, since one has to choose techniques that are the 
most sensitive as possible to the parameters that are sought This issue 



Figure 7. Radar profile of the direct wave amplitude 




































Figure 8 illustrates the relations between the two measurements. Despite 
what appears as “noise” (the variations seen in the resistivity values 
between 2 and 8 m in the 200-400 ohm.m range are not correlated with any 
“structured” variation visible on radar measurements), two sets of points 
can be clearly distinguished: 


• the first set corresponds to large values for both the radar amplitude 
(>11 800) and the resistivity (> 400 ohm.m), 

• the second set corresponds to low values for both the radar amplitude 
(<10 800) and the resistivity (< 150 ohm.m). 

It is important to note that these sets are not randomly spatially distribui 
The first set is located at the left end of the profile (facing soiiJkj^ir^the 
second at the right end of the profile. 

The similarity of shapes between the two profiles is a 
justify the combination of techniques. It helps the 
can focus first on the information that can be givej 
a second step, it could be interesting to anal; 
basis can explain the variations in the pes 
considered as “noise” in the first ^Jgp.) me 
stands on a more reliable basis: 



ocT%rgument to 
ion since one 
techniques. (In 
some physical 
y profile which were 
ysical interpretation then 


the variations at the left interpreted as corresponding to 

drier material, probably dprtp environmental conditions (this end 

the variations a^ie^|h,t end can be interpreted as corresponding to 
the area where 


faces South), 

; theakt^lTaggregate reaction develops, as confirmed by 
visual inspecljpm^J' 
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Figure 8. Correlation between measurements obtained with two di|^lf!l techniques. 

Another study (Rivard et al. 2005), perfomiMWmi Bell’s Comer 
experimental site (Ottawa region, Canada) was A^otfea to the comparison 
provided by impact-echo, passive infrarea mermography, electrical 
resistivity and radar measurements for asSwsing the alkali-aggregate 
reaction on concrete blocks of vanjlte mixes. It has shown that radar 
measurements (especially the magmudl*of the direct wave) are the most 
promising method, when elecmraL resistivity is also sensitive to other 
factors, which makes dq^i llwmfelmio^ difficult. 

In any case, the diag^lksisl|k^]kali-aggregate reaction is not direct, since it 
is only done through/mel|^nations in water content, which can be directly 
assessed by a snafjl^rfsual inspection. In the case described here, NDT 
measurements p»vj^fe, however, a more accurate estimation of the extent 
of the^readnf^fred by the chemical reaction. Another contribution is that 
they mate n^bssible to quantify the material properties, opening the way 
td^jrds tie definition of critical values, which could be used for other 
stmcWl^s, or for areas where the damage is not visible, but where NDT 
measurements would indicate values approaching critical values. 


Table 2 provides some additional references in which the authors have 
used a Type [B] approach when combining non-destmctive techniques. 
The combination used by (Romanescu et al. 2009) is usually referred to as 
the Sonreb method, which consists in combining ultrasonic velocity and 
rebound number for better assessing concrete strength. This question will 





















be addressed into more detail in Chapter 3, devoted to strength assessment 
of concrete. Despite the high number of NDT used, the interpretation 
always remain a matter of expertise, since these techniques can show 
“clear similarities” on one instance and “significant differences” in another 
(Gucunski et al. 2010). 


Table 2. Examples of Type B combinations of non-destructive techniques. 


Reference 

Techniques used 

Structure 

Objective 

d 

Romanescu 

Ultrasonic, 

Bridge 

Strength asseasrn 

et al., 2009 

rebound 

beams 

bP 

Assg^mdlf of 
dJhia§p4nd 
■^dominations 

Scott et al., 
2003 

Impact echo, radar 

Bridge 

deck 

Klysz et al., 

Radar, 

Bridge'’! 

decl^4 

^f^etection of dan 

2003 

capacimetry, 

areas 




Gardei et 
al., 2003 

Lataste et 
al., 2003 


ultrasonic, infrared 
thermography 

Radar, impfcol- 0 Railway 
echo^uffrjson^ 






tracks 

Slab 


Impact echo, radar, Bridge 

half cell potential, deck 

ultrasonic, 

electrical 

resistivity 


Quality control of the 
concrete 

Detection and sizing 
of cracks 


Detection and zoning 
of delamination, 
corrosion 





2.4. Type [C] combination - application of different techniques for 
“quick” localization of defected areas followed by detailed 
inspection with “slow” but more accurate measurements 


Some techniques have the particular advantage of enabling a quick 
overview of the structure, because they use a quickly moving set of sensors 
or because they are wide-field. This is the case, for instance, of infrared 
thermography, which can be used to monitor a large scene with an optical 
sensor that can be located at a certain distance from the surface under 
investigation (Sirieix and Defer, 2005). 

It is thus fruitful to use this technique in a first step and to in^dsr 
areas where some interesting patterns are identified in great^Lcfllpr with a 
technique requiring more time or heavier equipment). ThSfEr^felot bridge 
case study, near Toulouse, provided us with such an^pc^nnity. Figure 9 
shows the infrared and visible pictures of one slaj>^m^ lower face of the 
deck. The two pictures were taken at the wm^ time. The surface 
temperature range is [13.5 14.5] °C. Thfc Whitish areas indicate lower 


;e under 

the 


temperatures. Three of those areas Cj 

• the first one, on the left side o 
an area where surface co] 
transversal beam, whigh i4j*6t 
as the deck surface, 

the two others, /%JA 
to any visible di 



n the infrared picture: 


contour (which corresponds to 
s fallen) is the lower face of a 
t the same distance from the camera 


l^pjht side of the red contour do not correspond 



Figure 9. Infrared thermography (left) and photograph (right). The image area is about 4 m x 
1.5m; circle at upper right corner is a hole in the slab). 

Since delamination was suspected on this 60-year-old bridge, these areas 
(and the full deck surface) were thoroughly investigated (with radar, 










electrical measurements, sonic waves and capacimetry), and delamination 
was confirmed. Thermography gave information on the existence and 
extent of the affected area from a distance, when all other techniques 
required heavy equipment (truck and platform) to reach the concrete 
surface with the measurement devices. The potential interest of such a 
combination is to provide information quickly, which helps the expert 
defining and planning detailed investigations. The interest of the second 
technique will be to provide quantitative information on material 
properties, since it is not straightforward to derive them from surface 
temperature measurements. 

Naturally, the information gathered with the quick technique 
processed to help the diagnosis. For instance, the vtrjat fcnsj in the 
temperature differences throughout the day between the^ellbtinated area 
and the “good” surrounding concrete can be procesplbifpas to give an 
estimation of the delamination depth. The potentifflLinterest of infrared 
thermography and the increasing capacity of mmerical data processing 
algorithms explains the recent advances in 'Ais^Bpic (Maierhofer et al. 
2002, Valluzzi et al. 2009). If the surfat^wof easy access, it remains 
simpler to use sonic techniques I rjjk will provide the same type of 
information. 

Another promising type [C] coupling possibility has been recently used 
(Dilek 2006), which c(^n^fca%ffess wave measurements and dynamic 
elastic Young’s mod4ktsdisks from cores. Even if one of these two 
techniques cannot ffe%mnsidered as NDT, the interest is that the 
combination of ND' w^gl ress-waves) and another technique provides very 
useful informat ion J br assessing near-surface gradients in fire or frost 
damaged croSkfe. In this case, NDT is used both for locating where 
coring Bun^p'relevant and for calibrating the results in terms of layering. 

le 3 plovides additional references in which the authors have used a 
Type^fifl approach when combining non-destructive techniques. The 
recent work from (Arndt et al. 2010), even if limited to laboratory 
measurements, opens the way towards a more efficient long-term 
monitoring of corrosion, combining embedded sensors, quick techniques 
(like active infrared thermography) and slower techniques. 


Table 3. Examples of Type C combinations of non-destructive techniques. 


Reference 

Techniques used 

Structure 

Objective 

Pina Santos 
et al, 2003 

Thermography, US 

Building 

wall 

Detection of 

moisture and 

delamination 

Maierhofer et 
al, 1998 

Radar, US 

Sluices 

Decrease the number 
of borings 

Amdt et al., 
2010 

Ultrasonic echo, 
radar, 

thermography, half 
cell potential 

Laboratory 

slabs 

Assess devel^menfc'' 
of corrosiierfWtr^fgh 
periodic flgpugfction 


3 Conclusions 






In the next Chapter, the common (ancL 
will be presented. Each technique 
involved, which are the usual/posj 
etc. In this introductory chaptj 
can be combined to imp*)ve/me 
to Air 



.common) non-destructive techniques 
bfWiscussed in terms of the physics 
which are the constraints and limits, 
[We shown how several different techniques 
ssessment. We have defined three types of 
combination, accordinjjitp tfl^jr plFpose. In most cases, this combination remains 
informal, which mean^WbutjWie understanding of the real added value of 
combining a second (w ajlrd) NDT method simply does not exist. Thus, it is 
difficult to derive^^ffljm^rese individual experiences, any general conclusions that 
could be useful iiratjW cases. It is only recently that this issue has been formally 
addressed bv/^^^n (Balayssac 2008). 

The cnaK^rswto 7 will be devoted to five different practical questions engineers 
with! strength assessment, voids detection in tendon ducts, damage and 
In detection, corrosion in cables, and geometry assessment. For each 
we will explain which information NDT can provide, either used 
individually, or in combination. The text will be based on current engineering 
practice, but it will also present some innovative work. The issue of the 
combination of several NDT measurements will be specifically addressed. It is 
expected that the reader will find there new ideas and information about how 
better use NDT. 


However we will see that, even in these situations, combination of NDT remains 
often informal. It is the reason why we will formalize this issue in Chapter 8. Our 
aim is that the reader becomes progressively more familiar with these central 





issues of variability (of the material), quality and sensitivity (of the NDT 
measurement) and complementary techniques. If so, he will be able to design and 
perform more efficient NDT investigation programmes, so as to get a more 
reliable view on the concrete structure. 
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1. Ultrasounds through transmission 


1.1. Physical principles and theory 


The ultrasonic method can be applied by the reflection or the 
transmission of elastic waves in the concrete or on its surface. The first 
method, called "ultrasonic echo" or "pulse echo" is explained in the next 
section (§2). A 


The second is the ultrasonic transmission method (als§ named "sonic 
pulse velocity" measurement). It is a common technique used by many 
companies to evaluate the concrete in situ and to pr^W^^Iformation on 
the quality of the concrete element. It allows measuring the velocity and 
attenuation of elastic waves. It consists to send theultrasonic wave from 
a transducer "emitter" and to record mb llffnal w jth a separate 
transducer "receiver". Typical transducersgererate the wave by exciting 
a piezoelectric disk. 

The two transducers are generally identical in geometry and wave 
frequency range. The ^P%f nW^ncy range used for the concrete is 
from 20 kHz to 300y||dHz4%usual device is proposed with 24 or 54 kHz 
transducers. The new devices propose higher frequency transducers but 
their attenuation is important. Pressure waves (P-waves, longitudinal 
waves) and suiface waves (Rayleigh waves) are generally used. Shear 
waveslS-waves, transverse waves) are exploited only in specific cases. 


The velocity C is the most currently and easily evaluated parameter by 
trarr^ydsion technique. C is deduced from the measurement of the time 
of flight t and the distance L that the wave covers in the concrete. 


the current unit is m/s 














The attenuation a is deduced from the decrease of the amplitude A a and 
A 2 of the received signal for two paths with two different lengths L a and 

l 2 . 


a = 


———— * log(—^-) 

l 2 -l x a 2 


The current unit for attenuation is dB/m. 

The attenuation measurement is not very easy because the c^fll^t 
conditions between the transducer and the concrete are -doKJuIIv 
repeatable. Some new air coupling transducers (avoiding^ny contact) are 
in development today. 


■' m. 

y y' 


tJ > 

1.2. Correlation with the mechanical properties 

Because the wave propagation is depending on the material mechanical 
properties, many tests are developedfelink the compressive strength f c 
or elasticity modulus E with the u|trm|gjafic velocity. Since the propagation 
is modified by any defect in material, the measurements can also 
inform about these defefctsffiLj 

The correlation witj/rmpefial properties can be calibrated with cores 
extracted from the structure or on a cubic specimen from the same 
concrete as theMjrj/ture. For instance, ACI 228 l.R considers that V 4 is 
proportionate* and to concrete strength. It is however not possible to 
define a'nen^al law. European standard EN13791 considers a polynomial 
relationship of order 2 between concrete strength and velocity. In a 
literature study [Evangelista et al, 2003] registered, without being 
exhaustive, 12 different laws (linear, exponential or power), from 1988 to 
2000, establishing a relationship between the compressive strength f c and 
the P-waves. [Popovics, 2006] explains the problem and proposes to work 
with the surface waves to get an accuracy better than ± 20 percent. 






















It is suggested to estimate material properties after having fitted a 
specific correlation with velocity by using multiple regression techniques. 
One must keep in mind that a lot of parameters influence the ultrasonic 
velocities: the aggregate size, nature and rate, the ratio aggregate on 
cement or water on cement, the cement nature, the age of the concrete, 
the geometry of the tested structure or beam, the curing conditions, the 
porosity rate, the water contained in the pores and the cracks, the 
damage and also the rebar. 


Typical values of velocity and attenuation are plotted on table 1. Thlbse 
values depend on the wave frequency. So the transducers cb&tezyefr a 
test can be very important. 

v 

Table 1 . Usual values of velocity and attenuation of the P-wav^*^coi^rfete. 


Concrete condition 

P-wave velocity . ^ 

(100 kHz) ..» 

- 

TP-wave attenuation 
(100 kHz) 

Damaged 

Sound 

velocity < 304^m/s 
velocity > 45G£fMs^ 

> 90 dB/m 
< 30 dB/m 


An example of laws depending on/m^aticT aggregate to cement is given by figure 
1. The figure shows that folyf J||p/ value of pulse velocity, the higher the 
aggregate to cement ratio, me lo^pfthe compressive strength. 

A solution exploited m3Wis^t to give the absolute value of the velocity but to 
compare the different/zoiw"(damaged or not). That allows defining the most 
suspect zones of thfe strarfire on which it is important to improve the tests or to 
develop some ot ^gf co mplementary tests [Abraham and Derobert, 2003]. It is 
possible either to wBrk point by point and to move the two transducers each time, 
or to Hf^^ve^kly mie of the two transducers. A third possibility is to work with a 
series ofiransBucers for the reception and / or for the emission. In each case, 
information got on each point is worked separately. It is also interesting to mix 
and tCTOtfm up all the information in order to get an image, for example to describe 
the structure. That is the ultrasonic tomography that is used to examine cracks, 
voids and other internal defects [Bond et al, 2000]. 
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Fig. 1. Effect of aggregate to cement ratio on the relationshir 
velocity and compressive strength (after [Naik et air 


«* -npuls 


Today some new improvements are proposed in the modeling of the 
wave's propagation by the wave's homqglnizaPron, and in the signal 
analyses as well as in the surface wave appRtalions (without contact and 
coupling.). 


1.3. Measuring Eau 

i typical industrialyatviceJFcontain 


nd Handling 


The typical industrialyiraWcercontain: 

• An electrical pulse generator (peak voltage from 150 V to 1000 V) 
and amplifi •>!' fo* the wave, 

• ai> emitter transducer (mostly piezoelectric sometimes without 
contact). Sometimes the emitted wave is generated by an impact 
with a ball or a hammer, 

• ^^ceiver transducer (only one or several on a line to be precise on 
the distance value), 

• sometimes, an automatic displacement device of ultrasonic 
displacement to obtain (A, B or C-scan), 

• a calibration bar in metal or silica, to calibrate the measurement. 


an oscilloscope to see the signal and measure the time, or only a 
time calculator. 




Fig. 2. Ultrasonic Transmission device with plane 
coupling probes 



ic Transmission device 
pling probes (Pundit 
arnell) 


The transducers are generally pj^ne with" contact. To get a better 
transmission, the coupling is ensur@€r%vgrease, paste or gel. Sometime 
the transducers can be bonded di^n^ly on the concrete surface. Some 
transducers include a corjefor the tip to get a punctual contact that 
allows working, for tlfL rolv /requencies, without coupling. Another 
specific air coupling transducers (piezo or capacitive) with specific 
amplifiers are developed to work without contact at a distance ranging 
from some milli/npters to some centimeters between the transducer face 
and the co^HlKp^element. These transducers are new for NDT on 
concrete aiMtjiey get rid of the sensitive problem of coupling. Then they 
aj^w wc5fckihg more easily on the attenuation properties. In some 
resemj^Works, the wave propagation can even be measured generated 
by laser interferometer without contact. 


The equipment generally offers the direct digital read-out of transit time, 
the flaw detection, battery and A-C power, RS-232 output for computer 
uploading. The calibration can be done with the metallic bar to adjust the 
time measured or by an internal calibration. 




The device can give the calculated P-wave or S-Wave velocity easily by 
direct reading. The elasticity dynamic modulus E d or Poisson ratio v are 
calculated under some conditions. 


To estimate the material properties, the relationships between elastic 
constants and the velocity of respectively ultrasonic pressure wave V L and 
shear wave V L are derived from equations in an isotropic elastic medium 
of infinite dimensions: 


Vr = 


E d (1 ~ v) 

p( 1 + v) (l-2v) 


where: 


Ed = the dynamic elastic modulus (MPa) 


V T = 


2 P 


O’ 


£ 




v = the dynamic Poisson's ratio. 


p = the density (kg/m 3 ). 


) wave' 


V L = the pressure (longitudi4a4)ifc^ velocity (km/s). 

- . 

V T = the shear wave (transversal) velocity (km/s). 

The relation with V, rawficult to exploit because the shear wave velocity 
is not easy to determine owing to the multiple scattering in the concrete. 
For ttytfwave lakgth X generally used (from 10 to 150 mm), the concrete 
is a very'heterogeneous material that generates a lot of scattering of the 
ultrasonic waves and that perturbs the shear waves exploitation. So the 
first relation is generally used to calculate the dynamic modulus E d . with a 
prior assumption on the Poisson ratio and the measurement of the 
density. 








































1.4. Guidelines, Recommendations 

AIEA, Guidebook on non-destructive testing of concrete structures, 
Vienna 2002 


ASTM C 1383 Test method for measuring the P-wave speed and the 
thickness of concrete plates using the impact echo method Annual 
Book of ASTM Standards Vol. 04.02, ASTM, West Conshohoken, PA, 
USA, 2000 


ASTM C 597 - 83 (91) Standard test method for pulse velocity thro^K 
concrete 

BS 86 (British Standards) Recommendation for the meas/merhent 


of 

, BS 1881 : 


velocity of ultrasonic pulses in concrete, Testing cc 
Part 203, 1986 

D6760-02 Standard Test Method for Integrity Testing of Concrete Deep 
Foundations by Ultrasonic CrossPjple TestfH^ 

EN 12504-4, Testing concrete in strufctulj^- Part 4: Determination of 
ultrasonic pulse velocity, No/ffflfc Europeenne 


1.5. Common 

The common d 





ues and devices 


are used for concrete quality control and for the 
evaluation of r^dimensions of structures. Under some conditions, they 
carj also^o^fate concrete strength to standard velocity measurement, 
correlation laws that are not universal. 


If their sizes are important enough, it is possible to identify honeycombs, 
voids, frozen concrete, cracks, delamination and other non-homogenous 
areas like those resulting from thermal, mechanical or chemical damages 
in concrete. In a recent French research program [Balayssac et al, 2008], 
the influence on the velocity and attenuation waves of the water 









saturation rate, porosity, carbonization, chloride content and damage 
were tested. 


An important way to assess the concrete condition is to determine the 
material variations in space or over time (this is mainly used for young 
age cemetitious materials). 


Ultrasonic testing can be applied to new and old structures, columns, 
walls, fire damaged areas, hydroelectric structures, bridge, piles, pipes, 
prefab and prestressed beams, cylinders and other concrete forms. 


For transmission of P-waves, the emitter generates the sign 



id sTarts 


the time counting. The receiving transducer detects the arr,teNiw§ of the 
leading vibration. For the low frequencies and if the l^kth of the wave 
path is known, it is possible to measure the velocjtr'in>tnree directions 
depending on the accessibility of the structure fa^ [^fnell, 2008]. 

* between opposite faces (direct transmissions see figure 4 

* between adjacent faces (semi direct transmission), see figure 5 


* on a single face (indirect or: 



nsmission), see figure 6 


The direct technique is the 
most accurate and must be 
chosen when possible. The 
difficulty is to access to the 
two sides. If the concrete is 
reinforced, the best 
solution is to locate first 
the rebar with an 
electromagnetic device and 
thus to test between them. 










Fig. 5. Semi direct transmission ultrasonic testing 


The semi direct technique 
is easy to use but the 
distance between the two 
transducers is less well 
defined than the previous 
case. Its accuracy is 
generally below the first 
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Fig. 6. Indirect transmission ultrasonic testing 


The indirect or surf^e 
technique is >%asily 
exploitable in situ% with 
different ortor^Wcitions. 
The access taronly one face 



The three types of control are com 



used on site today. 


To detail the indirect method, itm^Jiy^ said that the emitter is fixed and 
the receiver is placed at di^ej^jTpositions (xl to x4 on figure 7) on a line 
and the signal is recoifjecr^^each of them. The minimum length xl 
inspected has to be more than 5 times the mean aggregates dimension. 
The general value is 100 mm or 150 mm. The time is plotted versus the 
distance (figure 8). This distance between the emitter and the receiver is 
measured f^m centre to centre of the transducers. The slope of the 
straigtXJinStejyes the wave velocity. The indirect wave velocity is lower 


tJaAn the Sirect one by about 5 % to 20 %, the difference depending on 
the o^gs^ete type. To increase the measure quality, it is possible to work 
with a series of fixed transducers instead of moving a unique transducer. 













By indirect transmission, the slope analysis allows detecting the pre 
of voids or cracks as presented in figure 9. The P-wave f oUaw lLihe 
shortest path, it is diffracted by the crack tip and transmitted to the 
receiver. A change of slope on the curve "time-distangp can give the 
position and the depth of the crack. Howeveik Cif^^ractice, the 
measurement is sometimes uneasy to work out because the partial 
closing or filling of the crack. 

By indirect transmission, the slope ana lysis a Iso allows to detect the 
presence of damaged layer as presented in figure 10. The variation of the 
slope can give the depth of the affected Mne. 



Fig. 10. Damage detection principle 


by usual conditions on site: 


principle 


Thes 


luations can be perturbed 


* if the contact between the transducers and the concrete is irregular 


* if the wave length is not adapted to problem: when the lengthwave is 
too high, small cracks cannot be detected; reversely, when the 
lengthwave is too small, an important attenuation increases the 
uncertainty 

























* if some water and /or some particles fill up the cracks, the diffraction 
doesn't occur on the crack tip. 


1.6. Reliability and limitation of results 


Many parameters influence the wave velocity. The effect of some of them 
is known and can be corrected in the best case, but in industrial 
conditions, the best way is often to work by comparisons betw^ 
different points of measurement or with cores extracted from 
structure. 

The standards give information on how to adjust thftki^^ity value as a 
function of the lateral dimension of the concretejHements, of the rebar 
presence, of the moisture and temperature. 

V \ 

Many bias factors exist: 

- The coupling conditions high^ 

they can disturb the a 
velocity estimation^ 

- The lateral bo 

> . 

type of wave 
analyzed (ra 




cll|nge the amplitude of the wave, 
n evaluation and sometimes the 


the tested structure can generate a new 
odifies the velocity of the apparent P-wave 
Lamb waves). 


The presencejof reinforcing steel bars can accelerate the wave if 
they are in the same direction as the waves. They can also scatter 
/\tlhll%waves and decrease their velocity when they are 
perpendicular. 

moisture, the porosity and the temperature of the concrete 
modify the velocity up to 20 %. 

The choice of the transducers (mainly frequency and size) can 
modify the velocity by 15 or 20 %. 

The concrete nature (aggregate size, cement nature, porosity rate 
and density) modify the velocity from 5 to 20 % 


In any case, the technician must be qualified. 



























To conclude, the ultrasonic inspection by transmission is a technique 
accessible that can provide information on the concrete condition. In the 
simple case, it enables comparisons between different types or zones of 
concrete in a structure. If care is devoted to control some experimental 
parameters on site, it is possible to optimize the experimental device and 
the procedure to get more information attached to the material 
properties. 


1.7. Developments 


Today a lot of developments and researches are devi 
help the operator to extract better and more reli 
the transmitted ultrasonic waves. 




cpfi order to 
rmation from 


The tomography that is used in sitiA improves the quantity of 
information concerning theixlefectaelicted or the zone tested. It 
allows confirmation and incrpises the capability of detection. 

The Spectral Analysis of su m$£M \Naves analyzes the propagation 
mode of the dispersive weWs (Rayleigh and Lamb) that propagate 
just below the ^rflce or in plates. Derived from this method, the 
Multichanng^Amlysis Surface Waves method allows the 
assessment of delaminations. 

c&rfcrete is the first protection of the structure 
I the aggressions from the environment. It can be 
y analysing the Rayleigh waves with automatic devices. 

Ddlfing of the waves' propagation is developed by some 
laboratories that are working on the concrete homogenization. 
The objectives are to understand the propagation in such a 
heterogeneous material and to predict the velocity and 
attenuation of the waves. Some Finite Element Methods are also 
developed in this way. 
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2. Ultrasonic Echo 


2.1. Physical principles and theory 


Shortly described, the ultrasonic echo method (also named pulse echo 
method) measures the time of flight of elastic pulses, which are reflected 
at internal interfaces or are backscattered at internal objects, 
respectively. This method overcomes the drawback of ultras oun ds 
through transmission that requires access to both surfaces. Fr«n tre 
measured time of flight and the pulse velocity known from calibration 
measurements, the depth of the scatterers and intejjg^i^can be 
deduced. Pressure waves (P-waves, longitudinal waves) j^v^l as shear 
waves (S-waves, transverse waves) are used jj|r Nw of concrete 
elements. For concrete, the typical frequency rarf^is from 25 kHz to 300 
kHz. k/ J 

Generally the wave propagation jtelocity for a monochromatic wave 
(phase velocity) can be written as: ^ 

c = A-/ _ (1) 


where c is the wave' 


‘the wavelength and/ is the frequency. 


Pressure waves (P-waves) have a typical wave velocity of 4000 m/s in 
concrete, thus f^r^frequency of 100 kHz the wavelength is 40 mm. 

i ’’ft of P-waves at planar interfaces is defined by the 
arthe acoustic impedance for two materials, whereas the 
pedance is a material property defined as the density p 
by P-wave phase velocity: 



R = 


Z 2~ Z 1 


Z 2 +Zi 


( 2 ) 


where z is the acoustic impedance z in material 1 and 2, respectively, 
with: 












z = p c 


( 3 ) 


Since the acoustic impedance of air can be neglected compared to 
concrete, the reflectance at air interfaces is R = 1. When the impedance of 
material 2 is greater than for material 1, the sign of R is positive. When 
the acoustic impedance of the material 2 is smaller than for material 1, 
the sign of R is negative, that means that a phase jump of § = 180° 
appears for the reflected wave pulse. This effect allows to distinguish 
between the reflection at the concrete/steel interface and reflection at 
the concrete/air interface. 

Generally ultrasonic pulses are produced and measured v\#th piezoelectric 
probes. Thus the measured AC voltage is proportional^) the sound 
pressure P s in the material, which is defined by: 

P s = p c to C, = z to C, ^ (4) 

where z is the acoustic impedance (see ( is the angular frequency 
(with td = 2nf) and £ is the amplitb^^of particle oscillation. 

The base for ultrasonic echo 
transducers (probes, cent 
transmit broadband 
transducers and equip 
thickness of concrete el<jfcrfents even in single point measurement, if the 
site conditions are fioTtoo difficult. This means for instance not too dense 
reinforcing layers or not too bad surface conditions. 

In orderto erasure the dimension of a reflecting area, several points can 
be combined for providing an imaging result. This can be done by 
measuring lines manually or by an automated scanning. 



for concrete are low frequency 
incy around 100 kHz), which must 
Tter basic research in the 1990's, 
'ere developed, which allow measuring the 


The ultrasonic echo method has the potential to locate and identify 
discrete defects or objects if sufficient focusing is achieved by the 
transducers. Because the concrete contains aggregates and air pores, 
structural noise always appears, reducing significantly the signal to noise 
ratio. In order to overcome this problem, special transducers and imaging 







methods based on array techniques and synthetic aperture have been 
developed (and are continuously ameliorated) in research and 
development activities. 


2.2. Measuring equipment and handling 


For single point measuring, there are generally two types of equipment: 
transducers with planar contact on the measuring surface and dry c onta ct 
transducers (point contacts). An instrument or development equiir 
contains four general features: 



A Electrical Pulse generation (AC Peak Voltage bp*wel|i^l50 V and 
1000 V) 

A piezoelectric Transducer 
A receiving unit and an amplifier 

Displacement device of ultrasonic^eisuring curve (amplitude vs. 
time; A-scan) and indication of time of flight or reflector depth. 

Since the mid-1990s broadband transdu^rSma^e been developed in the frequency 


range of 20 kHz to 300 kHz, for P-w J 
shows as an example ten pressure^ 
applied as an array. They ha 



Fig. 1 . Array consisting of 10 broadband 
planar transducers for the frequency range of 
80 kHz to 200 kHz. 


^^s well as for shear waves. Figure 1 
ransducers arranged in a template to be 
surface, which means that coupling agent 
is necessary (e.g. vaseline or 
glycerine) [Krause et al, 1997]. 

Low frequency shear wave transducers 
developed around 2000 have two main 
advantages: firstly the shear wave is 
directly generated by a ceramic tip 
pressed to the surface. There is no need 
for a delay wedge or coupling agent 
(dry contact). Thus, secondly, the 
polarisation axis of the shear waves can 
directly be aligned corresponding to the 
axes of symmetry [Kozlov et al, 2006]. 

Figure 2 depicts some examples of 
dry contact transducers, which are 
available as single transducers and 
transducer arrays in different 






arrangements. The frequency ranges from 30 kHz to about 80 kHz (i.e. a 
wavelength range from about 100 mm to 33 mm for a typical wave 
velocity of Cs = 2700 m/s in concrete). For manual measurements an 
electronic interface can be used. The probe has twelve transmitting and 
twelve receiving transducers, which are working simultaneously. 




Fig. 2 left: Point contact transducer, right: T/R probe with 12 traji 

point contact transducers. 


and 12 receiving 


For developing and optimizing low frequency ^trasonic techniques, often 
arbitrary pulses are applied. A typical equipment is shown in Figure 3. 


ical equip 
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Fig. 3% Excitation of transmitting/receiving (T/R) transducer with arbitrary function 
generator, power amplifier (not imaged) and oscilloscope, right: Principle sketch for working 
with arbitrary pulses and data processing. 


Two typical commercially available instruments are depicted in figures 4 
and 5, left. Both permit point measurement with preferable separate 
transmitter and receiving transducers. For equipment 1, these are plane 
coupling transducers of the type explained above. Instrument 2 is 
constructed for point contact transducers, mainly for shear waves. Since 









































the transducer tips are made of ceramic, they are simply pressed at the 
measuring surface without any need of coupling agent. The most 
frequent application for these transducers are shear waves (transverse 
waves) with a centre frequency of 55 kHz. The polarisation axis of these 
waves can be selected by the orientation of the device. 
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Fig. 4. Ultrasonic Echo device with plane coupling 
probe (for thickness measurement of screed) 


The handling of the 
electronic part of the device 
in figure 3 is similar to the 
frequently used commercial 
equipment, which is jppll^ 
for ultrasonic testipg||i^l in 
the freq®enct I range 
between 1 MHz. snjS 10 MHz. 
Figure 5, nghl, smows as an 
exampj^fa typical ultrasonic 
timr^up^ (A-Scan, see 
low) when the transducer 
ositioned above a tendon 


ct. The echo signals of the 
tendon duct and the back 
wall are visible. Around the 
origin of the time axis surface wave Signals occur. 

There are several system^;wcrking with the equipment explained in 
chapter 2. Typical iestj4(||. "S^s are e.g. measuring the thickness of 
concrete elements flwjrepJ or localizing structural details. In some 
systems several m ^suj ing points can be stored in lines or/and 20- 
Datasets for disjiwingthem B-scans or C-scans, respectively ([Kozlov et 
al, 2006],[Kr^e€fr€l, 1997]). 
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Fig. 5. left: Ultrasonic Echo Device with dry contact shear wave transducer and handheld 
electronic device, right: Ultrasonic time curve (Ultrasonic A-Scan). 
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Fig. 6. Thickness measurement of concrete slab using a single probe in frequency range of 
100 kHz 


2.3. Data processing: display and imaging techi 


Generally the visualisations of ultrasonic measurement rrflSts are named 
A-scan, B-scan and C-scan. To say with usuJ words, these are 
respectively: the ultrasonic point measurement in the time domain (A- 
scan), an ultrasonic cross- or longitudinal ^tctiWi (B-scan) or a depth 
section, parallel to the surface (C-scjgn). Tne?Whree types of visualisation 
are demonstrated in figure 7. 


Especially in low frequency 
application of the terms is 



technique, a more general 


A-scan: Amj|^uJk dPrhe measured signal vs. time (output 
voltage propohk>n^[o the sonic pressure) vs. time. Three types 
of A-scans fere^ osed: HF-signal (not rectified), rectified and 
calculate envelope function. Figure 5 (right) shows the HF Signal 
of an echo measurement of a tendon duct in a concrete slab. 


of an echo 
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measurement. 


Fig. 7. Overview for general utilization of the terms A-scan, B-Scan, and C^can n ultrasonic echo 

& 

' * * N ‘ 



300 3C0 400 

Lateral Position * t mm 


20 30 40 

Lateral position x / cm 


Fig. 8. B-scan of a measuring line above to bore holes in a concrete specimen, 
a) plan specimen, b) Ultrasonic B-scan of measuring line, axes in mm, c) Reconstruction with 
SAFT (Linear Synthetic Aperture Focusing Technique, here 2-dimensional) 

(after [Schickert et al, 2003]).) 

• B-scan: Amplitude of the time signal along the measuring (or a 
selected) axis showing the depth information of the reflection 


























(alternatively named: longitudinal or cross section of ultrasonic 
amplitude. It consists of a line (x-axis) of several A-scans and 
corresponds to the Radargram for Radar or sonogram of 
geophysical experiments. It is usually shown in a false colour (or 
grey scale) representation. The y-axis is either the time of the 
receiver after pulse excitation or the depth after calibrating the 
sound velocity (figure 8b) 


C-scan: Amplitude of the measured signal parallel to the surface 
at a specific depth (alternatively named: depth section of 
ultrasonic amplitude). It corresponds to the "time slices" iiJuMse 


of Radar results. 


For physical reasons, transducers having a diameter in ^ie order of the 
wavelength or smaller produce a wave field with a large aaperture 
containing pressure and shear waves. For this ultrasonic 

measuring and evaluation methods known from matdffal testing and 
medical diagnosis methods cannot simply be transferred to concrete 
testing. Therefore scanning and imaging4nlwfods have a special 
relevance in low frequency applications. 


The measuring procedure depends on the testing task. For instance, for 
thickness measurement of caHWew^lements which are not densely 
reinforced, simple point m4g£i|£(p4nts with handheld equipment can be 
applied. But in most c^|es%he evaluation of data requires imaging 
methods, which mear||tllat the data are measured in lines or 2- 
dimensional grids. 




In civil engineering the direct representation of measuring data is mostly 
applie^Jor planar objects (e.g. layered structures) or wooden elements 
(timber). Fdr more sophisticated testing problems, where spatial 
res^ypn is of importance, the results are calculated from linear ore 
planar measured data sets. For this, several approaches of reconstruction 
calculation on the base of synthetic aperture exist (SAFT: Synthetic 
Aperture Focusing Technique). 


Synthetic aperture techniques offer a flexible way of focusing. A synthetic 
aperture imitates a large transducer by sampling its area at many points. 
This can be done either by an array of transducers measuring 






















simultaneously, or by a single transducer approaching the aperture points 
in succession. Moved arrays, a combination of both, are also possible. 
Apertures considered here are linear or planar representing a large line or 
rectangular transducer, respectively [Schickert et al, 2003]. 


For focusing the pulse-echo measurements at the synthetic aperture, the 
received signals are processed using the SAFT-algorithm. The SAFT- 
algorithm focuses the received signals to any point of the reconstructed 
image by coherent superposition. In this way, a large virtual transducer 
with variable focus is synthesized. A high-resolution image results, which 
is two-dimensional (2D-SAFT) for the case of linear aperture, 
dimensional (3D-SAFT) for the planar aperture. 2D-SAFf4m^es are 13- 
scan cross sections, 3D-SAFT-images are often displayoekas B-scan or C- 
scan sections through the three-dimensional data fiej^k^^/ 


Fi ir 

action 


In Figure 8c) a simple example of 2D SAFT reco is demonstrated 

for ultrasonic point measurements alon^a line of the specimen 
containing two drilled holes in concrete (already mentioned for the 
description of the B-scan (Figure 8b). Figure 8c) depicts the result of a 
time domain reconstruction calculation resulting in imaging the top side 
of the holes at correct location aindidepth (example from [Schickert et al, 
2003]). Another kind erf reconstruction calculation is based on inverse 
scattering theory applying Fourier-Transform-SAFT (FT-SAFT) and is better 
suited for three-dimmsWnal imaging [Mayer et al, 1990]. 

Ultrasonic elastic wave propagation in inhomogeneous materials can also 
be model I by EFIT (Elastodynamic Finite Integration Technique). Here all 

elastic mater^il properties as well as wave mode conversions are 
lidered down to the mm scale [Mayer et al, 1990]. Comparing 
reconstruction results of synthetic data obtained from such elastic wave 
equations and real experimental data enables a much better 
understanding of the complex scattering processes in concrete. This may 
enhance the reliability of test results ([Mayer et al, 1990], [Krause et al, 
2009]). 

























2.4. Guidelines, Recommendations 


Merkblatt fur Ultraschall-Impuls-Verfahren zur Zerstorungsfreien Prufung 
mineralischer Baustoffe und Bauteile (B4), Deutsche Gesellschaft fur 
Zerstorungsfreie Prufung e.V., Berlin (1999) 

For pulse velocity (not echo) 


ASTM C 597 - 83 (91) Standard test method for pulse velocity through 
concrete 


DIN EN 13296 Determination of ultrasonic pulse velocity (200- 


41 


sV 


2.5. Reliability and limitations 


y 




There are additional points to be taken into accwmt, when applying the 


equipment described in §2.2. 



% 


The performance of ultrasonic echo measurement for concrete elements 
has been growing very much since the beginning of the century. The 
equipment is rather easy to handle and procedures without coupling 
agent facilitate the mea*um|| process. Nevertheless during training (basic 
instructions) the ba4^knowledge about ultrasonic methods in the low 
frequency range should be communicated. 

The physical parameter to be measured is the time of flight (transit time) 
of the exited ultrasbnic pulse in the concrete. This parameter allows 
calculating the depth of the reflector. There are mainly three possibilities 
foumeasuriirlMt: 



1) C oi b w tion at a point of known thickness of the building element, 


2) Taking a core of sufficient diameter and measuring the wave velocity 
through transmission mode (the radius has to be significantly larger than 
*), 


3) Measuring the wave velocity of subsurface waves (longitudinal or shear 
waves corresponding to the applied wave mode). The homogeneity of 








ultrasonic wave velocity typically varies between about 2 % (for very 
homogeneous concrete) and 5 % (typical values, exceptions are possible). 


Using the ultrasonic echo method one measures one or several 
reflectors/scatterers inside the concrete element. If it is an air-filled layer 
it leads to a total reflection of the ultrasonic waves. Because of the 


concrete heterogeneity, it may be difficult to distinguish actual defects. 
Large aggregate have a significant scattering effect, preventing the use of 
a too high frequency. Because of time frequency dependent attenuation 
and structural noise the pulse form depends on the length of the ravjaath 
in concrete. For concrete, the measurement from the maximum of the 
transmitting pulse to the maximum of the echo pulse seems^^Jaythe 
most appropriate way. Measuring from slope of transmitting to echo 
pulse is only recommended in case of weak structural noise. 

From all those influences on the depth value, the uncertainty of the result 
has to be estimated. 


All low frequency transmitting transducers pjtf)c|£^urface waves, which 
are captured by the receiver. These causes disturbing signals in the 
beginning of the measured time ,<&rve (compare figure 5, right, time 
range typically 50 ps to 100 ps after Imitation). This is the reason, why 
the reliable measuring range of. fagjjt equipment is limited. Another 
reason for that limitation is theTwavelength in concrete, which is in the 
order of 30 mm to 60 rrypi (mtlwf^ost applications. 

Especially when usijK diVcomact transducers, users must be carefully 
with interpretations oLsmgle point results in case of bad surface 
conditions. At point^wi^T a rough surface, the transducers may oscillate 
in an undefined way, which will lead to misinterpretation in the time 
signal. 

In th^ fretjuent'y range used for concrete the wavelength is mostly 
comparable to the transducer dimensions. The consequence is that not 
only the desired wave mode is transmitted in the concrete, but also shear 
waves end Rayleigh waves. The angle distribution of the applied 


transducers and the possible mode conversions in the concrete element 
should be taken into account for a proper interpretation of the results. 























2.6. Developments 


2.6.1. Linear Array 


For automated measurement of larger surface areas linear arrays with 
multistatic triggering are available ([Kozlov et al, 2006], [Drinkwater and 
Wilcox, 2006]) (Figure 9). Together with reconstruction calculation 3D 
imaging of section of building elements can be obtained very fast [Krause 
eta I, 2008b]. . . 

Other approaches use differently controlled sensor systems imkM et 
Hillger, 2009]. 

An innovative device consists of 10 lines a 4 dry contact shear wave 50 
kHz-transducers [Krause et al, 2008]. The distanc^Tm^ lines is 35 mm in 
the current modification. The transducers. (uad the electronics are 
mounted in a handheld box easily to be applied at concrete surfaces 
(figure 9 top). The ten lines are swj||hed as a # multistatic array, meaning 
that one line acts as transmitter, /?TOLa)l others as receiver, then the 
second as transmitter, and so fp^^gphown in figure 9 bottom. The data 
transfer is organized in th%yp ^hg t the whole data set is measured and 
stored in less than 1 sedf) 




Fig. 9. Linear array with dry contact transducers (top), principle of data aquisition (bottom) 


The data measured along a line can be combined to one data set and 
evaluated with fast FT-SAFT (Synthetic Aperture Focusing ^^ro|ue) 
reconstruction calculation. Together with imaging technigyl, the 
scatterers and reflectors in the volume of interest can benanalysed quickly 
on site with cross and longitudinal sections, as well apdepth sections and 
phase evaluation. There are different SAFT appr oag ff^gfor evaluation (2- 
and 3-dimensional). 

In figure 10 one practical application is pr@5@I^ed as an example. The aim 
was to localise tendon ducts in a crass girder, which is 60 cm thick. The 
data were measured along a line (length 1.16 m) with a 2-cm step width 
(orientation of the array is perpendicular to the measuring line). 




The result was ob|air>kjl IMh a research version of 3D-FT-SAFT 
reconstruction and is depicted in figure 10 [Krause et al, 2008]. The 
cuboid at the right (a) represents the reconstructed volume (surface: 0.40 
m x 1.26 m, depth: 0.70 m). The other parts of the graph represent the 


d if fere 


r ent sections, 


which can be interactively adjusted by three planes. 







cross girder bridge 

a) Cuboid of the reconstri 

b) Depth section (C-scan), c) Cross^seft) 
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Fig. 10. Example of measurement with linearmrav and 3D imaging with FTSAFT (case of a 


et al, 2005]) 

'olume, with different sections: 
can parallel x), d) Longitudinal section (B-scan 
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prin 



:ial Techniques based on the Ultrasonic echo 


rinciok 


The ultrasonic echo methods for application in civil engineering are 
continuously ameliorated by several research and development activities. 
In the flowing only few examples can be briefly mentioned. For some of 


the subjects more examples are described in the corresponding chapters. 


The main points are: 


• Automated scanning of large surface areas (see figure 11 [Krause et al, 
2006]) 

• 2D and 3 D imaging with reconstruction calculation (SAFT) ([Krause et al, 
2006], [Krause et al, 2008a]) 
















• Interpretation of the phase of the receiving signal in order to characterize the 
type of a reflector (steel or air) => investigating of tendon ducts ([Krause et 
al, 2008a], Krause et al, 2009], see also this book, Chapter 6) 

• Application of contactless sensors as Laser Interferometer, imaging of 
ultrasonic wave propagation [Algernon et al, 2008] 

• Application of air coupled ultrasonic transducers [Krause et al, 2008b]. 





Fig. 11. 2D scanner working with linear drives and 
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matic system to press the point 


i jyjbnetim; 

contact transducers without coupling agent (ByJjJM) [BeuteTeftl, 2006] 

Several testing problems are nov/ soligfble with common techniques, 
others with help of synthefl^%^erture methods (reconstruction 
calculation, SAFT). Numerous i; sting tasks are in the intermediate state 
between research ancP^^^natic application. The uncertainty of the 
results depends on deta.'s of the construction work and the site 
condition. Several rfarapeters influence the wave propagation in the 
concrete. Thes&^ljfdr the type and density of reinforcing bars, the 
concrete compc Mtio n (aggregates and pores), the mechanical properties 
and the surrau conditions. Each investigation corresponds to a specific 
structure or building element and it is mandatory to calibrate the 
measurements for reliable results. Here it is useful to describe the 
capability of the methods using examples of successful NDT results, 
mainly at test sites. 


2.7. References 

Algernon D., Grafe B., Mielentz F., Kohler B., Schubert F. (2008) Imaging of the Elastic 
Wave Propagation in Concrete Using Scanning Techniques: Application for Impact- 
Echo and Ultrasonic Echo Methods, J. Nondestructive Evaluation, 2,1-3, pp. 83-97.. 









Beutel R., Reinhardt H.-W., Grosse Ch., Glaubitt A., Krause M., Maierhofer Ch., Algernon 
D., Wiggenhauser H., Schickert M. (2006) Performance Demonstration of Non- 
Destructive Testing Methods. In: Proc. 9th European Conf. on NDT, September 25-29, 
2006, Berlin: DGZfP, BB 103-CD, Tu.3.2.2. 

Drinkwater B.W., Wilcox P.D. (2006) Ultrasonic arrays for non-destructive evaluations 
review, NDT&E 39, 525-546, Elsevier. 


Kozlov V.N., Samokrutov A.A., Shevaldykin V.G. (2006) Ultrasonic Equipment for 

Evaluation of Concrete Structures Based on Transducers with Dry Point Contact. In: 
Al-Quadi, I. and G. Washer (eds.); Proc. NDE Conf. on Civil Engineering, 14.-18. August 
2006, St. Louis, MO, USA, pp. 496-498. 


Krause M., Barmann R., Frielinghaus R., Kretzschmar F., Kroggel O., Langenberg K. 
Maierhofer Ch., Muller W., Neisecke J., Schickert M., Schmitz V., Wiggen haase 
Wollbold F. (1997) Comparison of pulse-echo methods for testing^oncrete. Ill: 
NDT&E International Sonderheft Vol. 30, 4, pp. 195-204. 

Krause M., Grafe B., Mielentz F., Milmann B., Friese M., Wiggenhauser H., Maye 




yerK. (2008) 

Ultrasonic Imaging of Post-tensioned Concrete Elements: NgJ^Te^^ques for 

y§|ii 

Reliable Localization of Grouting Defects , In: Alexanderf^C^te^ushausen H.-D., 
Dehn F. and Moyo P. (eds.); Proc. of the Concrete Repfcuj^Roihabilitatior 1 and 
Retrofitting II, ICCRRR 2008, 24.-26.11.2008, Kapst^t, cB?ROM, pp. 521-527. 


Mielentz*! 7 ., Ballier G. (2009) Progress in 
^bert, X. and Abraham 0. (eds.); 7th Int. 
Mantes, F, 30.06.-03.07.2009, Proc. pp. 


Krause M., Mayer K., Friese M., Milmann^ 
ultrasonic tendon ducts imaging. In: * 

Symp. NDT in Civil Engineering NDT^ 

147-154 and CD ROM (77). 

Krause M., Milmann B., Mielentz F., jjipfchsr D., Redmer B., Mayer K., Langenberg K.-J. 
Schickert M. (2008) Ultrasd!|£lm^p*fg Methods for Investigation of Post-Tensioned 
Concrete Structures: A*Siua^^ Interfaces at Artificial Grouting Faults and its 
Verification. J. Non^S^truo^|Evaluation, 27, pp. 67-82. 

Krause M., Milmann B., S/nicl*^M., Mayer K. (2006) Investigation of Tendon Ducts by 


Means of Ultrasj 
NDT, Septem 

Mayer 

S’ 




^/ Methods: A Comparative Study. In: Proc. 9 Eur. Conf. on 
9, 2006, Berlin: DGZfP, BB 103-CD, Tu.3.2.1. 


Langenberg K.J., Kreutter T. (1990) Three-dimensional imaging 
d cJh Fourier transform synthetic aperture focusing technique. Ultrasonics 


, HilIger W. (2009) Ein Ultraschall-Multikanal-Messsystem mit SAFT- 
nstruktion fur die Abbildung von Betonbauteilen , In: Berichtsband zur DGZfP- 
Jahrestagung 2009, 18.-20.05.2009, Munster, Beitrag auf BB 115-CD, Vortrag 
Mi.l.C.3, 10 Seiten. 


Schickert M., Krause M., Muller W. (2003) Ultrasonic Imaging of Concrete Elements 
Using Reconstruction by Synthetic Aperture Focusing Technique. Journal of Materials 
in Civil Engineering (JMCE), ASCE Vol. 15, 3, pp. 235-246. 

Taffe A., Krause M., Milmann B., Niederleithinger E. (2005) Assessment of foundation slabs 
with US-echo in the re-use process. In: Alexander M., Beushausen H.-D., Dehn F. and 


























Moyo P. (eds); Proc. Int. Conf. Repair, Rehabilitation and Retrofitting (ICCRRR), 21.- 
23.11.05, Cape Town, South Africa, pp. 525-530,2005. 


3. Surface waves methods 


3.1. Physical principles and theory 


The non-destructive testing (NDT) methods that use ultrasour 
acoustics, seismic wave and vibration are based on mechanicabrt^we^lso 
known as "stress wave") phenomena. Two types of mechiruca^pves can 
propagate within the body of a solid material: P-waveff4are^known as 
pressure waves or compressional waves) and S-waves (also known as 
shear waves). In addition, Rayleigh surface ways&p|ppagate along the 
free surface of a solid. P-waves travel with fug j^st/ elocity and Rayleigh 
waves the lowest. 


The characteristics of mechanical Iwaves, such as propagating wave 
velocity or amount of wave energy reflected from an interface between 
two distinct media, are a function of the elastic properties and mass 
density of the solid materials. For^example the velocity (speed) that these 
waves propagate through a material is controlled by the elastic moduli 
(Young's Modulus, Shear Modulus and Poisson's Ratio) and density of the 
material. Wave propagation characteristics are also influenced by the 
severity ancUocation of internal defects such as cracking, honeycombing 
and 4^artfmations. Thus mechanical wave measurements can be used to 
pi^vide direct information about the condition of the material or 
struct ur plunder investigation. 


Surface-guided waves propagate along the free surface of solid materials. 
In the case of a single thick layer comprised of homogeneous material, 
surface-guided P-wave, S-waves and Rayleigh surface waves propagate 
along the surface. Rayleigh surface waves are used most often for non¬ 
destructive evaluation. These waves are most efficiently generated by a 
dynamic point load, such as an impact event, acting on a free surface of a 










































solid. Unlike P-waves and S-waves, most of the energy of Rayleigh surface 
waves is relegated to the near surface region, to a depth of approximately 
one wavelength away from the surface (ACI, 2005). This near-surface 
behavior can be used to characterize the thickness and stiffness of the 


individual components of layered structures such as tunnel liners. Surface 
guided wave propagation is more complicated In the case of solids that 
are comprised of multiple distinct layers. The wave energy is distributed 
among distinct propagating wave "modes/' which have particular 
characteristics that depend on the structure and frequency of thej^ave 
energy. At limit cases (e.g. thick top layer and high frequency), the modi 
converge to the more simple behavior of the single half space. r\^ 
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3.2. Measurement equipment and proi :edure 

The following equipment is needed to perform these tests: a wave 
source, wave detection sensors, and a data acquisition and analysis 
system, see figure 1. The wave«\»ee is typically provided by a local 
impact event, for example^tb>e%npact of a steel sphere or a hammer on 
the surface of concrete. 

zv 


The size of the impact 




ct of a steel sphere or a hammer on 


he impactor controls the frequency content: smaller size 
provides higher frequency contents, normally up to 15 kHz. The wave 
detectors are surface-mounted sensors, usually geophones or 
accel^fom^er^fhese sensors measure the surface motion that is caused 
bwthe waveqaropagation events. The sensors provide an analog voltage 
output, which is collected over some time period to give a time domain 
signal. The data acquisition system digitizes the analog signal data, 
performs the analysis in either the time and frequency domain, and 
where needed performs the inversion (where the unknown structure of 
the test material is predicted based on collected wave data) and matching 
process. These processes can be carried out on PC-based computer 
systems, using commercially available software platforms. 















Mass Storage 
(Disk Driver) 



3.3. Data analy 


Surface-guicLJ waves can be analyzed and interpreted in the time 
doma#t.or ue frequency domain. Basic information about surface-guided 
vy^ve arrival lime and amplitude can be obtained from time domain 
signals, but this is only effective when the surface wave energy is 
principally relegated to the top surface, for example for high frequency 
waves or for a thick top layer. In these cases, the Rayleigh wave velocity 
of the top layer is obtained from determination for the group velocity 
arrival between two sensed locations on the surface. Group velocity is the 
measured wave velocity of an entire discrete packet or pulse of wave 
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interpretation 


energy, as opposed to phase velocity, which is the measured velocity of a 






single phase value within the wave packet. For so-called "dispersive 
materials both group and phase velocity vary with frequency. 


Time domain analysis of surface-guided waves can also be carried out 
using multiple sensors to receive the wave data. This method, often called 
"seismic refraction", allows the arrival of the first propagating wave front 
(surface guided P-wave) to be discerned as a function of distance from 
the wave source. A plot of wave front arrival time vs. distance should 
have linear form for a homogeneous material. Slope modifications in this 
plot indicate the presence of a distinct subsurface layer beneath the 
surface layer (Abraham and Derobert, 2003). When the wayH^n^k of 
propagating waves is of the order of the layer thicknessesPthekjreauencv 
domain analysis methods are more appropriate. Two ownr^nly applied 
frequency domain methods are the spectral analysis#oT^^faces method 
(SASW) and the multi-channel analysis of surfacemans method (MASW) 
(Ryden, 2004). One main difference between these two analysis methods 
is the number of data points (collected wave signals) needed to carry out 
the analysis. SASW requires only^wo data points, whereas MASW 
requires more, on the order of tens of points, depending on the required 
depth of analysis and resolutuw%1ft®0ther important difference is the 
number of wave modes thflkale assumed in the analysis. In the case of 
SASW, only one donmnartf wfc^ mode is assumed to exist. In the SASW 
method, the surface w^e emersion curve is computed across a range of 
frequencies and, if needjra, sensor spacing. The dispersion curve is a plot 
of surface wave pha§e velocity as a function of frequency. The dispersion 
curve is obtained from relative phase values, as a function of frequency, 
of the two measured signals. The obtained experimental dispersion curve 
is^then matched to that computed for a specific layered structure of 
known fnickness and mechanical properties. The computed curve is 
iteratively adjusted until a best match is obtained between experimental 
results and that of the model. In the MASW method, the surface/plate 
wave dispersion curves of all the excited wave modes are computed 
across a range of frequencies. The dispersion curves are computed by 
processing of the multi-channel signals that are collected from sensors 
placed along a line. The presence of multiple wave propagation modes is 
























































observed, providing plots of phase velocity dispersion curves for the 
excited modes. The obtained experimental dispersion phase velocity 
curves are then matched to those (called pseudo-Rayleigh wave curves) 
computed for a specific layered structure of known thickness and 





Phase velocity spectrum 

, im r 



mechanical properties. The computed pseudo-Sgyleigh wave curves are 
iteratively adjusted until a best match is oJataVied between experimental 
results and that of the model (Rjjflden, 2004). Figure 2 illustrates the 
MASW process in the case of a concrete plate above a subgrade for which 
a pseudo-Rayleigh wave mode d^Jtt^tes. 

Fig. 2. Illustration of multi-ch|jjmei surfalW^ismic data collected from a concrete slab: time 
domain signals (left) and^gon^^cteii^hase velocity spectrum using the MASW method 
(courtesy of Dr. Nils Ryden). 
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.4. Relr-Jlii, and limitati 


limitation of results 

Surface wjave methods have been applied to obtain estimates of layer 
thickness and stiffness in a multi-layered system such as pavements and 
tunnel liners. For example the velocity of measured Rayleigh wave and 
refracted P-wave modes can be used to evaluate substrata conditions: 



low velocity values can indicate weak surface conditions due to scaling, 
spalling or minor cracking. The method can also be applied to detect the 
extent of a damaged zone near the surface of the tunnel liner, for 


















































































example that caused by internal fire to a concrete (Abraham and 
Derobert, 2003). 

These methods have the advantage that access to only one surface is 
needed. When applied properly, the methods provide an estimate of 
layer thicknesses and mechanical properties, although the accuracy of the 
thickness estimate is not as reliable as provided by other methods. 


The analysis and inversion methods can be numerically intensive, and it 
may not always approach the correct solution; this is especially trrfS^for 
the SASW method. As a result, a considerable amount of user expertise 
may be needed to apply the SASW method. Because th^sen&prs require 
physical contact with the surface of the tested specimert^yTe methods 
(using current, standard technology) are not readiLy^ftiea for rapid 
scanning. Also, the surface conditions may adverse^ afreet the results, 
and in some cases of extremely rough surface oyjimited access cannot be 
applied. However, recent developments in tecmWogy such as wheeled 
sensor systems and contactless aiivcoupTecNensors may provide some 
solutions for the contact problem (%u and Popovics, 2005). Results 
collected from tunnels with cast iron liners may not accurately 
characterize the properties of the substrata. 
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4. Impact echo 




4.1. Physical principles and theory 

Impact-Echo is based on the use of transient stress waves. The 
of measurement is described at Figure 1. A short-duration s^ess^ufse is 
introduced into the member by mechanical impact. This impacJ4|ertofcrfed three 
types of stress waves that propagate away from the impact pc^LJVjWirface wave 
(Rayleigh wave or R-wave) travels along the top surface,^q^cHOiAvave and an S- 
wave travel into the member. 

In Impact-Echo testing, P-wave is of primary importance because the 
displacement caused by P-waves are much largl iitmn those caused by S-waves at 
points located close to impact point. the P-wave reaches the back side of the 

member, it is reflected and travels barffcmlhe surface where the impact was 
generated. A sensitive displaceme nt^a^cp cer next to the impact point picks up 
the disturbance due to the arrival cCltfeP-wave. The P-wave is then reflected back 
into the member and the c^clep^giH^tgain. Thus the P-wave undergoes multiple 
reflections between Ae surfaces. The recorded waveform of surface 



displacement has a perjp 
wave speed ( C p ). 


elated to the thickness (T) of the member and the 
























Fig. 1 Principle of impact echo measurement. 

The frequency of P-wave arrivals at the transducer (/). is deter mined by 
transforming the recorded time-domain signal into the frequency domain 
using the fast Fourier transform technique (FFT). The frequencies 
associated with the peaks in the resulting anwndq^ spectrum represent 
the dominant frequencies in the waveform. These frequencies can be 
used to determine the distance to the reflecting interface. As a result the 
thickness of the member could be defined Tfasbnple equation: 

j, _ 

“ 2 / 

Naturally, to determjrik th^thickness of concrete element the P-wave 
speed should be known. For determining the P-wave speed two methods are 
permitted. One momod is by determining the thickness frequency and then 
measuring tha^fctuP^ffate thickness at that point. 




Alternativelymay be determined by measuring the time for the P-wave to 
traml between two transducers with a known separation (figure 2). The 
transalitfs are placed 300 mm apart and the impactor is about 150 mm from one 
of the transducers one the line passing through the transducers. The distance L 
(300 mm) between the transducers, is divided by time difference At between 
arrival of the P-wave at the second and first transducers. When the wave speed is 
determined by the surface measurement method, the resulting value has to be 
multiplied by 0.96 prior to using it to calculate thickness. Thus the correct 
equation for thickness calculation in such case is: 











T = 


0-96 
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Fig. 2. Calibration principle for P-wave speed determination. 





The same principle applies to reflectio ^Jf Qf n an internal defect (delamination or 
void). Thus, the impact-echo metl^OTs^^e to determine the location of internal 
defects as well as measureof a solid member. 

The P-wave generate^W^^^ct will reflect at interfaces within the concrete 
where there is a change inljp€oustic impedance, which is defined by the density 
and wave speed ^PS^wuerial. At a concrete-air interface, there is complete 
reflection of the Jgwe, and this permits the detection internal defects such as 
delamiq^tiqfifTcSteies, and honeycombed concrete. 


















4.2. Measurement equipment and handling 


Up to now the number of 
commercially available Impact- 
Echo devices is limited. The data 
acquisition and analysis 
capabilities of these systems are 
quite similar. In general Impact- 
Echo test system consists of three 
components (figures 3a and 3b): 
impactors, a receiving transducer 
and a portable computer with a 
data-acquisition card. The 
impactors are hardened steel 
spheres attached to spring steel 
rods to be operated by hand. 

Typical diameters of impactors are 
manual, performed from point to p 
is lifted with two fingers to a sel 
There are also possibilities 
increasing the speed oftfes 
need to be tested w 





8 and. HI. 5 mm. Testing are usually 

To do the measurement a spring 
ted height and released for impact, 
erform impacts automatically for 
at is especially suited when large areas 
acing between test points. 


Fig. 3b. Acquisition system 


The receiving transducer is a broadband 
displacement transducer. A thin sheet (cap) 
of lead is used between the conical 
piezoelectric element and the concrete 
surface. Always the test area has to be 
smooth to achieve good contact between 
the transducer element and concrete. A 
portable, computer-based, data acquisition 
system is used to capture the output of the 
transducer, store the digitized waveforms 
and perform signal processing and analysis. 

It is particularly important that cap's intent 











has to rest against the surface when the 
handle is depressed. In general, it is 
recommended to start out testing with as 
big size of impactor as possible that can 
detect the solid frequency of interest. 




Should the measured frequency change compared to this frequency, a 
smaller impactor is chosen subsequently, in attempt to detect the 
of the defect causing the change of the solid frequency. 


it is 
al contact 


The surface at the transducer point has to be smo< 
necessary to grind a spot. It is imperative that there is, 
between the transducer tip/cap and concrete surfao 


Point method of measurements has been irqcpoved by BAM (Federal 
Institute for Materials Research and Testiog'V GWriany) into a scanning 
test method to visualize test results as an Implct-Echogram, similar to B- 
scan in ultrasonic pulse echo (see § 2 ). 3. in Ultrasonic echo) or a GPR 
radargram. A self driven scanner for bjorizontal surfaces was developed 
for both, Impact-Echo and ultras^fiia sensors (figures 4a-b). 


Fig. 4a-b. Examples of automatic scanning devices. 










4.3. Guidelines, references and standards 


ASTM C1383-98 - Standard Test Method for Measuring the P-Wave 
Speed and the Thickness of Concrete Plates Using the Impact-Echo 
Method. 

Advice Notes NDT Highway Structures, UK, August 2006, Ed. Forde M., 
BA 86/06, Part 7, A.N. 3.1. 

Recommendation of Polish Highway and Road Directory concerning 
NDT "in-situ" quality control of concrete bridge structures during 
constructing process. Wroclaw, 1998. 

Recommendation of Polish Highway and Road Directory comMqoi V 
NDT "in-situ" examination of existing concrete bridge s*ruc^res. 
Wroclaw, 1998. . . . . . 

An Impact-Echo Guideline of DGZfD (German Soci^fef Non 
Destructive Testing) - Working title: Application of Impact-Echo for 
NDT of construction elements (in preparatio t/ 


4 


Calibration and interpretation of results 


The Impact-Echo method is ^pcl^m monitoring the arrival of reflected stress 
waves and is thus able to prmation on the depth of the internal reflecting 

interface. The main application which was stimulating development of this 
technique was a need to identify the presence and depth of anomalies in concrete 
structures which are accessible only from one side. In particular, the 
possibility oL|m ckr^ss measurement of the solid plates, like pavements, 
asphal^v^lfeysTwbs-on-ground and walls is worth of interest. In such case 
the spectrum of solid part of testing plate is dominated by a single large- 
amptjitude peak - the plate thickness frequency. 











Fig. 5. Principle of impact-echo for thickness measurement. 

However Impact-Echo can be also used for several other p|lct^f 


applications, as an example: 


ipfein 




detecting the presence and depth of voids and honeycombing, 

localization of delaminated surveys of bridg^%pks, piers, tunnel 
lining elements, cooling towers and chimneyst^fc, ^ 
detecting voids below slabs-on-ground, f j T 
detecting debonding areas between reinforcement and concrete, 
caused for example by corrosion, 


■ evaluation of the quality oi grout injection in post-tensioning cable 
ducts, 

■ integrity testing of a meif1%aM^)elow an asphalt overlay protecting 
structural concrete. 

In the case of a defect yy&ch ii large enough to be detectable, the amplitude 
spectrum will show twoS|kak^figure 6): one corresponds to reflection from the 
interface and the other corresponds to the portion of the P-wave that travels 
around the defect^m^reflects from the opposite surface of the plate. The 
frequency ass^ated with the portion of the P-wave that travels around the defect 
will be^hijMd tcPfef lower value than the solid plate thickness frequency because 
the^wav^tra^K a longer distance than the thickness, and this provides further 
fence tljat a defect is present. 
















Fig. 6. Amplitude spectrum with two peaks, giving defect depth and total thickness 

If the plan area of the reflecting interface is larger (e.g. when the concret«ectillf 
is delaminated), the generated stress wave does not propagate to the 
bottom of the testing plate. In such case all energy is fretted'by the 
defect, which screens the bottom part of the concrete plW!ythe impact- 
echo response is shifted to a higher value and the plate tlijCkness frequency) is 
not observed at all (fig. 7). 
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Fig. 7. Amplitude soecJteylyy scree nine effect of a large defect 

As it has been shown above localization of different types of defects has 
been J ^dJy > appied by identifying peak frequencies in the frequency 
spygctrum. Nevertheless, the frequency spectrum can not be always 
int^|re^cl successfully, because the peak frequencies in the frequency 
spectra can consists of reflections from the boundary surfaces of the 
structure and those of from the defects. To improve Impact-Echo 
measurements a rather new method for identification of the defects in 
concrete structures has been developed, applying a scanning procedure. 
Thus, stack imaging of spectral amplitudes based on impact-echo (SIBIE) 
was developed. Among other things it has been proven that SIBIE 

































procedure could be successfully applied for detection ungrouted tendon 
ducts of prestressed concrete elements, like an example bridge girders. 


4.5. 


Reliability and limitation of results 



It is essential to ensure that the impact frequency, determined by Me sf, 
of the ball bearing, is sufficiently high to identify existing d^fSSts. The 
interaction of stress waves with internal discontinuities dli^n^l^zritically 
upon the relationship between wavelength and the dirp ^hsi^ Kand depth 
of the discontinuity. In general stress waves of \NsJt\^gih "A" will be 
reflected by defects having dimensions approxinpfltel^qual to or greater 
than "A", but will not see those that are small minimum depth at 

which discontinuity can be detected is assumed to be equal to half the 
minimum input wavelength. 


re that i 


Care should be also taken to ensufe thait the concrete surface does not 
crumble on ball bearing, other\|/p^ the longer contact time will result in a 


lower frequency input sign^^^^fenger wavelength. 

For P-wave speed det ^^^ ^^br calibration with a known thickness, the error in 
thickness measured m uw commercially available Impact-Echo systems is 
estimated to be %. This assumes that the same P-wave speed is 

applicable at allffeppoints. In the case of thickness measurement based on 
measuring tire P^ave speed from surface measurements, the error in thickness 
dues to systermbc errors associated with the digital nature of the measurements is 
about ± 3 This assumes that the P-wave speed is uniform with depth. 
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e Evaluation of Concrete 


5. Impulse response 

5.1. Physical pi^f^ries and theory 

The Impulse-Response technique was developed by Davis in the end of 
twentieth century. He adapted the Pile Integrity Testing procedure (cf 
Chapter^,^2.4.1.) for evaluating the integrity of concrete plate-like 
structures; A low-strain impact, produced by an instrumented rubber 
tipped hammer is used for sending stress waves through the tested 
element. The impact causes the element to vibrate and a velocity 
transducer (geophone), placed near the impact point, measures the 
amplitude of the response. The technique is based on the analysis of 
structural mode shapes. The hammer load cell and the velocity transducer 
are linked to a portable field computer with impulse-response software 
for data acquisition, signal processing and storage (figure 1). The time 






histories of the hammer force and the measured response velocity are 
transformed into the frequency domain using the fast Fourier transform 
(FFT) algorithm. The resultant velocity spectrum is divided by the force 
spectrum, to obtain the "mobility" as a function of frequency. The graph 
of the mobility plotted against frequency contains information on the 
condition and integrity of the structure. 




Fig. 1. Principle 


Ise Response measurements 


& 

An example of typicaftest » ^sults is given at Figure 2. The top left window 
is the force-time curve obtained from the impact of the instrumented 
hammer. The t^p^ient window shows the velocity-time curve obtained 
from the in contact with the concrete surface. The lower 

window shows the mobility plot obtained from the two previous wave 
fo^ms. Af|the bottom part of the screen shot the various parameters 
calculated from the mobility plot are displayed. Mobility is expressed in 
units of velocity per unit force, such as (m/s)/N. In general, the integrity of 
the concrete element under test is evaluated using parameters obtained 
from the mobility plot-frequency plot over the 0-800 Hz range. 








sMASH Single Point Analysis Window 


Impulse-Response testing method 
large areas of concrete structure 
structural integrity and to deter 
subsequent detailed analysis 



shear waves or by invtsive 
Impulse-Response iri^ectic 


locating del 
walls and la 





mainlNTtsed for fast screening of 
h the purpose to control their 
al areas with possible flaws for 
y the impact-echo test , ultrasound 



pection with drilled cores. In particular 
ay be conducted for: 


ns and honeycombing in bridge decks, slabs, 
structures such as dams, chimney stacks and silos, 

urling of slabs, 

oids beneath concrete slabs in highways, spillways and 


acting debonding of asphalt and concrete overlays and repair 
patches from concrete substrates, 

evaluating anchoring systems of wall panels. 


5.2. Measurement equipment and handling 
























Up to now the number of commercially available Impulse-Response 
devices is limited. The data acquisition and analysis capabilities of these 
systems are quite similar. In general Impulse-Response test system 
consists of three main components: instrumented rubber tipped hammer 
equipped with a load cell, broadband velocity transducer (geophone) 
which must have constant sensitivity over the range 15-1000 Hz and a 
portable field computer with proper software for data acquisition, signal 
processing and storage. Manual testing is usually performed across a grid 
of points marked on the surface of the structure. Grid node spacing 
normally ranges between 450 mm and 900 mm; however, grid macir^f 
can be selected as a function of the size and shape of the el^nent to be 
tested. 



Fig. 3. Typical equipment w ' jl ’ Fig. 4. Measurement process 

The velocity transdup# has to be placed at a distance of between 75mm 
and 150mm from the point of impact. The test surface can be dry, moist 
or wet, but not inundated. It is necessary to remove any debris from the 
immediate/icihity of each test point. If the test surface is too rough, it 
can prevent 16 achieve good contact between the transducer and the 
concrete, fin such a case, the surface should be ground so that good 
contacris achieved and loose material removed prior to placing the 
transducer on the surface. 


The hammer-time graph must display a single positive voltage peak with a 
constant base voltage, not necessarily triangular like on Figure 2. The 
velocity time curve must oscillate around zero, indicating that the 
transducer is stable during data acquisition. 










5.3. Guidelines, references and standards 


ASTM is preparing a proposal (not yet approved): ASTM C09.64 - 
Standard Practice for Measuring the Integrity of Concrete Plates Using the 
Impulse Response Method. 


5.4. Calibration and interpretation of results 



The main evaluation criterion for concrete structure integrity 
is mobility plot obtained directly from the measurements, i he test graph 
of mobility plotted against frequency from 0 to (pfll Hz contains 
information on the relative quality of the concrete iWie tested element 
(Figure 5). In the case of the defect which is large mough to be detectable, a 
high mobility is measured at low frequencies fbOTfw 100 Hz). If there are 


not any significant delaminations 
over the frequency range. 


bility plot is rather stable 


Fig. 5. Typical mobility curves in the case of a continuous material, and in the case of a void. 











































For a more detailed evaluation of Impulse-Response data, the following 
parameters are usually used: 


- Stiffness: the initial slope of the mobility frequency curve below 100 Hz 
defines the dynamic compliance or flexibility of the area around the test 
point for a normalized force input (Figure 6). The inverse of this slope is 
the dynamic stiffness of the structural element at the test point. It is a 
function of concrete quality, element thickness and element support 
conditions. 



Fig. 6. Stiffness and average^majoility determination on a mobility curve. 

- Average Mobility: tht rr^gi of the mobility measured at the point, 
calculated from the mobilr^' curve between 100 and 800 Hz is related to 
the density and the thickress of a plate element (Figure 6). A reduction in 
plate thickness corresponds to an increase in average mobility, even if 
these two pa-nmeters are not formally related to each other. 

- Mobility Slope: this parameter is defined by calculating the linear best 
fitfcf the frequency spectrum between 100 and 800 Hz, then dividing the 
800-^ .nobility by the 100-Hz mobility values on this linear best fit 
(Figure 7). This parameter is considered as a function of concrete 
consolidation. When mobility slope values significantly increase, poor 
consolidation and honeycombing can be expected. 







































Fig. 7. Stiffness and average mobility determination on a mob 

- Void Index: the ratio of the peak mobility value between 0 and 100 Hz 
and the average mobility between 100 and 800 Hatfigkre 5). Void Index it 
is an indicator of the presence and degree.|>f«jtto&r severe debonding 
within the element or voiding. When debonding or delamination are 
present within a structural elemej%or when there is loss of support 
beneath a concrete slab on grad^Tefef 1 peak mobility below 100 Hz 
becomes appreciably higher thaw^toaaverage mobility between 100 and 
800 Hz. 4^# 


s? 


Results can be also as colour pictures showing the distribution 

of particular evaluation parameters on the surface of the tested element. 
As an example, afS^nWur graph of the Average Mobility obtained by from 
measuremejjlt^enormed on the soffit of a bridge slab that was 
suspe^gcK^containing delaminations are shown at Figure 8. Tests were 
pe tormei on a 1 x 1 m grid. After testing, three locations were selected 
for%illing cores for experimental verification of the results obtained: (1) 
region of low value of average mobility, (2) region of intermediate 
mobility and (3) region of high mobility. Visual inspection of the cores 
confirmed that low mobility corresponds to a solid section of the concrete 
slab and higher values of average mobility correspond to the presence of 
delaminations. 
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Fig. 8. Average mobility mapping on a bridge deck for d^toctw^elamination. 
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5.5. Reliability and limitation of results 


The main advantages of Impulse Rj 
needed, equipment is commercii 
coupling materials and lape pea^l 
time. However, an expodenAd opAi 


ethod are: access to only one face is 
vailable, the method does not require 
be tested in a relatively short amount of 
for is required. 


As any NDT method it is not ^commended to use Impulse Response to evaluate 
concrete structures. The metnod is primarily considered as a relative method used 
for screening of larf^^sunuces. The measurements should always be supplemented 
and verified with utbprmore direct examinations. These verifications can be done 
by means ofjnril^g cores, breaking up concrete or the use a borescope. Screening 
with tn^mj^ke-response gives the possibility to identify potentially damaged 
amfis. BecWsethe physical properties of concrete can vary from point-to-point in 
the%mcty ft due to differences in concrete age or batch-to-batch variability, the 
measml!u mobility and dynamic stiffness can vary from point to point in a plate 
element of uniform thickness. 


The impulse-response technique does not give any depth indications for 
the flaws. Only relative values of the various parameters can be evaluated 
for the structure in question, which give an indication of “good” and “bad” 
areas. Other tests or invasive verification are needed to confirm the 
interpretation from the measured mobility plots. 














































































Any test results from within 300 mm of the edge of a plate-like structure should be 
disregarded, because of the edge effect of the plate on the test result. The effective 
radius of influence of the hammer blow limits the maximum concrete element 
depth or thickness that can be tested. This maximum depth can exceed 1000 mm; 
however, the apparatus shall not be used beyond these limits. 


Impulse Response testing procedures are not influenced by traffic noise or low 
frequency structural vibrations set up by normal movement of traffic across a 
structure. They are also applicable in the presence of mechanical noise created by 
equipment (jack hammers, sounding with a hammer, mechanical sweepers, and 
the like) impacting on the structure. Nevertheless, Impulse Response technique is 
not applicable in the presence of high amplitude electrical noise, such as may be 
produced by a generator or some other sources, which can be transmittejTO^fe 
data-acquisition system. 
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6. Acoustic emission 


6.1. Physical principles and theory 


Acoustic emission (AE) is a stress wave emission technique useU to 
monitor defect formation and failures in structural materT^t mmt is the 
basic concept of AE? When an acoustic emission occurs at a source within 
a material due to inelastic deformation or to crajpking'jJr generates an 
elastic wave which can be detected by an adaj 3 flpd^ 6 eiver (Fig.l). The 
signal recorded by the receiver can be affected by the nature of the 
source, the geometry of the tested specimen and the characteristics of 
the receiver. 



Acoustic emission testing is a "passive" monitoring method in which the 
detection system waits for thfe>ocourrence and capture of stress wave 
emissions associated with corrosion, or wire breaks. By contrast, 

classical flaw detection methods, such as those discussed in the previous 
sections (impact echjp, surface waves...), are considered "active" because 
a stress wave is sent into the test object to identify the presence of 
defects. Moj^over AE will be very sensitive to defect activity when a 
struct^e i§ loacrecl beyond its service activity in a proof test. 









AE is used successfully in a wide range of applic^^ismcluding: detection 
and locating defects in pressure vessels or learage in storage tanks and 
pipes, corrosion processes, removal of pTOli^ive coatings... Concerning 
the application of acoustic emission for concrete assessment, three 
famous papers were historically known, tracing back to 1960's. In 1959, 
H. Rusch studied the noise emitf?(^uring application of a compressive 
load in concrete. This krr wrf l^ one of the first studies of the Kaiser 
effect in concrete. H? found that AE events were recorded above 75% 
load level of failure load and reported that generating behaviour of AE 
was closely relate^ with the volumetric change and the absorption on 
ultrasonic waves.^^Dlied researches are still in progress for instance for 
the defection of concrete reinforcement corrosion. 



Evin if AJ if very reliable for the detection of the defects, it cannot 
prov w^^ iantitative information related to the extension of the damage. 
So other methods are still needed to provide such information. Moreover 
service environment is generally very noisy and the AE signals are usually 
very weak. Thus signal discrimination and noise reduction are not easy 
but extremely important for successful AE applications. 


















6.2. Measurement equipment and handling 


The most widely used sensors are resonant piezo-electric accelerometers 
which convert the surface displacement into an electric signal. Resonant 
sensors are only very sensitive to a certain frequency but some wide 
band, high sensitivity sensors are now available. For civil engineering 
applications the sensor frequency is quite low (from 20 to 150 kHz). If 
several sensors are used and are located around the source, the 
mechanical wave will be successively received by each of these 
and so it will be possible to locate this source. The system cor 
sensors, conditioners and a computer. The signal is amplified, 



and stored by a computer (Fig.2). The conditioner cap^alm^provide 
solutions for the monitoring of additional parametric in|ft& 

Mainly due to practical reasons the implementation of the AE technique 
on site can be difficult. One of the difficulties is linked to the necessity of 
using a couplant between the sensor an ckthl surface to ensure a good 
quality of the measurement and a apod reproaucibility. Like the test has 
to be performed during a long tirjr^|j£ couplant qualities have to be 
preserved. 


The number and the type of smear. 

eJ4ttpnMvi 

kofV, 


must be defined i 
necessary, the defini 
grid the distano 
the attenuation 


rs (broad-band, resonant, bandwidth) 
ith the application. If the location is 
e sensor repartition grid is important. In this 
n the sensors must be defined in relation with 
waves. 


The calibrwion of the acquisition system is very important. The quality of 
th^sensoj coupling and the accuracy of the source location must be 
assessed by mean of an artificial AE source (HSU Nielsen, also named 
pencil lead break). 


AE waves are detected by AE sensor, which converts dynamic motions at 
the surface of a material into electric signals. Because AE signals are 
weak, they are normally amplified by two amplifiers (a pre-amplifier and a 
main amplifier). The signal-to-noise ratio of equipments used to be low, 


















the amplifiers often provided more than 1000 times gain. Lately, it is 
normally 100 times or so. 



The band-pass filteflfc ^fployed to eliminate the noises. In civil 
engineering materials, the band width from several kHz to several 100 
kHz is recommendeciJn the measurement. 


: waves due to dislocation motions 
cracking) in a solid. As a result, they 
i, longitudinal wave or volumetric), S- 
wave (transverse wave or shear), and such other waves as surface waves 
(Rayleigh wave and Love wave), reflected waves, diffracted waves and 
interface wave (Lamb wave and other plate waves). The latter portion of 
AE waveform, in addition, is often associated with resonance vibration of 
AE sensor, which turns wave motions into electrical signals. 


Physiptfly, AE waves are elast 
(djrcontir^ityof displacements a 
consist of P-wave (pressure wav 

































6.3. Guidelines, references and standards 


The following standards concern terminology used for AE examinations, 
general principles and equipment characterisation. Regarding specific 
applications, standards are mainly focused on the examination of storage 
tanks or pressure vessels and from the point of view of materials, fiber- 
reinforced polymer-matrix composites, metals and ceramics. Regarding 
specific examinations of concrete structures Japanese Standard and 
Recommendation are available. Some committees in RILEM (TC 21^4£P) 
have recently issued recommendations. 

ASTM C1175-99A - Standard Guide to Test Methods S 
Non Destructive Testing of Advanced Ceramiefe^^ 

EN 13554 - Non Destructive Testing - Emission - General 

Principles 

EN 13477 - Non Destructive TesfJJ^ - Acoustic Emission - Equipment 
Characterisation Part 1 & 2 


ASTM E1316-07C 
Examinations 


- Standard Terminology for 


fructive 


Standards for 


EN 1330-9 - Non-destructivi 
in acoustic emissiog tes^jig^ 




ng - Terminology - Part 9: terms used 


NDIS 2421, Reco 
Structures by 
JNSDI, Toky 


JCMS 




ended Practice for In-Situ Monitoring of Concrete 
' anese Society for Nondestructive Inspection, 


onitoring method for active cracks in concrete by 
emission. Federation of Construction Materials Industries, 

2163 


6.4. Calibration and interpretation of results 


The amount of charges measured by the sensor is translated in a transient 
signal in volts (V) or dB A E versus time. The figure 3 shows an example of a 
received signal, the burst. A detected burst signal can also be named hit. 

















After applying a threshold, the following AE parameters can be extracted 
from the burst: 


- the maximum of amplitude: the amplitude of the maximum peak of 
the burst 

- the number of counts: number of detected burst signals over the 
detection threshold 


- the rise time: time interval between the first signal over the threshold 
and the maximum peak amplitude 





- the duration: time interval between the first and the last tii 
detection threshold is exceeded by a burst 

- the energy: relative energy of the acoustic emissi^k/mfrst. The 

measurement of the energy is depending on the JicWsre emission 
equipment y/ 

- the number of counts up to the peak. 

Volts! 


Amplitude 




Time 


Fig.3. Typical burst and usual parameters 

Up t3*HCw only the features previously listed were analyzed because of 
the limitations of the sensors as well as the data storage and the 
processing capabilities. In the recent years, wide band, high sensitivity 
sensors have been developed to capture the whole waveform. In the 


same time, the storage and the processing of these waveforms became 
possible with the advancement of computer technology. So it is now 





































































possible to characterize the nature of the AE sources from the waveform 
analysis. 


When an array of sensors is used, by extracting the arrival times of the 
bursts received by each of them it is also possible to locate the source. 
Once a source is located it is usual to talk about acoustic events for the 
hits linked to this source. The location can be done in real-time (during 
the sounding) and the results can be displayed immediately. The location 
is achieved by means of specific algorithms and several approaches can 
be used. Linear location, i.e. one dimensional requiring two orlrnol^ 
channels, planar location i.e. two dimensional requiring thre^^^r^re 
channels and finally volume location i.e. three dimensiorffel requiring five 
or more channels. Linear and planar locations are most widely used. 

However, an important problem is how to differentiate the events of 
interest, for instance those due to crack growth or corrosion, from 
different noises in a large dataset. Often, tke^npal AE events are measured 
in the presence of noise due to vibration, fretting and electromagnetic 
interference and so, an automatic procedure for noise rejection is 

ies with crack initiations or 
In ma|w^oases, traditional signal processing 
techniques such as filtering,|gqefgy analysis and spectrum analysis are 
insufficient to achie ^^^ %^eparation. One possible approach is to use 
statistic tools like artificial neural networks (ANN) or wavelet analysis that 
are able to separate and cluster the different events. The classification 
and the clusiarrhg can be done with or without supervision. Generally a 
main components analysis is used before the implementation of the 
artificial meuraI network in order to reduce the number of events. 
Commercial softwares are available for this kind of application. 


required before correlating AE ^ct 
progressive failures. 


In the case of crack detection it is possible to distinguish different modes 
of cracking by the moment tensor analysis. 













6.5. Reliability and limitation of results 


If the attenuation is too high during the propagation towards the 
surrounding medium up to the sensor the event cannot be detected. 

If the environment is very noisy the extraction of relevant information is 
difficult. 


Like it is a passive technique it is necessary to make a monitoring and to 
wait for the occurring of damage. 

The structure must be under loading to stimulate the evolution of the 
defect. 

The choice of the sensors is a condition for obtaining reli^fc^results. 

The grid repartition of the sensors is important j^bie^ocation of the 
events is required. 

Up to now it is difficult to give accurate qu^ntirllrt/e information on the 


defect range. 

Up to now it remains difficult to 
dataset. 



different events from a large 
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7. Ground Penetrating Radar 


Ground-Penetrating-Radar (GPR) is an electromagnetic investigation 
method. It is also known as Surface Penetrating Radar, Electromapittic 
Reflection Method or Radar. Main advantages of the method ars 
non-destructive and fast (hundreds of measurements per 
that it can be used in non-contact mode. 


7.1. 


c 

Physical principles and theory 

id Grou 



Radar (Radio Detection and Ranging) an d4^ nd-Penetrating-Radar are 
electromagnetical methods. In principle GPR can be used in reflection or 
transmission mode. As reflection methods are by far the widely used, the 
following description will focu/gV^4h\s mode. The basic principle is 
presented in Figure 1, where t£^rfectromagnetic pulse is emitted via a 
transmitter antenna. i>M|e<^?6 at the surface and interior layer 
boundaries of an object anarrecorded via the receiver antenna. A sketch 
of the emitted and rpcorded signal is presented in Figure 2 where the 
vertical axis is a Hme axis. 



Central unit 


















Fig. 1. GPR principle 
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Fig. 2. Emitted and recorded sigri 

V 

The following description will focus on Ground-Penetrating-Radar working 
in the time-domain. Systems working jn the frequency-domain (stepped 
frequency systems) are also available but their dissemination is rather 
limited. 


V 

An electromagnetic impukeTl^fnitte 
the propagation velocity 

:< 

fion velocity, A = wavelength, f = frequency. 


v = A * f. 


with v 


litted via an antenna. It propagates with 


Eq. 1. 


Obtain an impulse of finite length, a range of frequencies is 
usecn^yaie larger the bandwidth of this range, the shorter is the emitted 
impulse. GPR antennas are therefore usually denoted by their centre- 
frequency. Typically antennas with a higher centre-frequency also have 
greater bandwidth and shorter pulse length. 



The propagation of electromagnetic waves in materials is characterized by 
the dielectric permittivity s (e = e r e 0 ), conductivity o and magnetic 











susceptibility p (p= p r p 0 ). £o and p 0 are constants with e 0 = 8.85 10" 12 A 2 
s 2 / Nm 2 and p 0 = 4 n 10" 7 N/ A 2 . From Maxwell's equations it can be 
derived that: 


v= 1/V(£ r 8 0 p r p 0 ) 


Eq.2. 


In vacuum (e r = p r =l)this leads to 

v = 1/ V ( e 0 p 0 )= 2.998 10 8 m/s = speed of light c 
Eq. 3. 

For all non-ferromagnetic materials (ferromagnetic materialss^ar^not 
inspected with GPR due to their high conductivity) p r dan be 
approximated as 1 leading to p = p 0 . Thus, the signa^wel^ty for such 
materials can be described as 


c/Ve r 


. 4 ’ 


G 


aljiekl 

V 


Eq. 4. 


which means that for practical purposes the signal velocity within a 
material depends on £ r only. If an electromagnetic wave hits an interface, 
part of the energy will be transmitted and part will be reflected. For a 
plain electromagnetic wave \vfyWW loss material hitting at vertical 
incidence an interface betv^^r^^/materials with e 1 and e 2 ,the reflected 
wave can be described as4. 


Reflected Incident Wave 


with 



- V e 2 ) / (V £i + V £ 2 ) = reflection coefficient 


This means that there is no reflection if Ei = e 2 (materials with identical 
properties) and the reflection amplitude becomes negative (phase shift by 
180 degrees) if e 2 >£i. 


The time a GPR signal requires to travel through a material layer, get 
reflected and travel back through the layer is 









Two-way-traveltime = twt = 2 D / v 


Eq. 6. 


with D being the thickness of the layer. If this thickness has to be 
computed from twt this equation can be rearranged to 

D = twt v/2 Eq. 7. 

This corresponds to the usual case where the thickness is computed with 
a known twt derived from the GPR data. The velocity v, necessary to 
compute depths or thicknesses from twt is a priori unknown. It ca^be 
estimated using experience or velocity tables, calibrated by comparisons 
twt with known thicknesses or by special setups during/'lSm *fata 
acquisition. Equation 0 is valid only if the distance betw^si^erfsmitter 
and receiver is zero or small enough to be neglected. 


smitter 


The ability of the method separating single objects lateral resolution) is 
limited by the size of the Fresnel region whi«y'cjjaracterizes the area 
where reflected waves add together cons|ruqtively. Single points within 
this area cannot be distinguished the GPF< signal. The radius of the 
Fresnel region is described as 


r = V (D v/2 f) 


Thus lateral resolutijq 
depth (distance) D of i 


:reases 


i target. 


Qj 


with frequency f and decreases with the 


7.2. Ead 


Qj 

nent and handling 


Today a wide range of GPR-equipment from different manufacturers is 
avaiTSW^TA GPR system consists of one or several antennas, a central unit 
usually including a monitor for real time data display and accessories such 
as cables and energy supply. 






















Antennas 


The frequency content of the emitted and recorded GPR signal is mainly 
defined by the antenna. As a general rule of thumb it can be said that the 
higher the centre frequency of the antenna, the better the resolution but 
the lower the depth of penetration of the GPR signal and thus the 
possible depth of investigation. This means that the choice of the 
appropriate antenna(s) is crucial for the success of GPR investigations. 
Today antennas with centre frequencies between some MHz (low 
resolution, high depth of penetration, for geological applications) and 
some GHz (high resolution, low depth of penetration, usecHbryrbn- 
destructive -testing) are available. Antennas can %£ ^lonostatic 
(transmitter and receiver at fixed distance in the sandbox) or bistatic 
(transmitter and receiver as separate units. Depen#r|| on the antenna 
type and characteristics antennas are coupled t^p^object or used in 
non-contact mode (e.g. horn antennas). 


Central unit 




nels for using one or several 
data acquisition rate (number of 
s mainly on the central unit and can 


Central units have one or sever; 
antennas at the same time. Th 
measurements per seconc^e^i 
reach up to several j^no^l^^measurements per second. Data storage 
and real time display are other tasks performed by the central unit. Often 
data can be proceed in real time for an enhanced display of the data. 

Accessories, 


Aj^GPR i?e flit and non-contact method, it can be used for the inspection 
of large sjructures such as roads or bridges. In this context the knowledge 
of the position of each measurement is essential. Modern surveying 
equipment such as GPS or automated theodolites can provide a means 
for an efficient position control. 


Acquisition of GPR data is only one step of a GPR survey which is followed 
by data processing and interpretation. The availability of appropriate 
software is essential for performing those steps satisfactorily. 








































Example 



ig. 3. Mobile GPR-system (courtesy EMPA) 


In Figure 3 a mobile acquisition system is shown which is used for the 
inspection of roads and bridges. The two horn antennas (arrow 1, 
transmitter and receiver) are mounted in a height of about 0.25m above 
the ground. This facilitates data acquisition while the vehicle is moving. 
The GPS-antenna (arrow 2) is sitting on top of the GPR antennas for 
position control. A radio antenna (arrow 3) enables the communication of 
the on-board GPS-system with the GPS base-station thus 
accuracy of the position control of some millimetres. 


7.3. Guidelines and standards 

There is a range of standards and guidelines available describing the 
application of the GPR method to concrete and related problems. A 
selection is listed below. 








ASTM D4748-06 Standard Test Method for Determining the 
Thickness of Bound Pavement Layers Using Short-Pulse Radar 

ASTM D6087-07 Standard Test Method for Evaluating Asphalt- 
Covered Concrete Bridge Decks Using Ground Penetrating Radar 

ASTM D6429-99(2006) Standard Guide for Selecting Surface 
Geophysical Methods 


ASTM D6432-99 Standard Guide for using the Surface Ground 
Penetrating Radar Method for Subsurface Investigation 

DGZfP, Merkblatt uber das Radarverfahren zur Zerstorungsfreien 
Prufung im Bauwesen (BIO), Deutsche Gesellschaft Tur 
Zerstorungsfreie Prufung e.V., Berlin (2001) (Technjfal guideline, in 
German) 


:e on Radar 


The Concrete Society, Technical Report 48, GiW^ftc 
Testing of Concrete Structures 

7.4. Data processing, calibration a/NMtterpretation 

Data processing is an essential st^p \whin a GPR survey. The optimal 
processing sequence depends on the GPR data, the object under 
inspection and the probl^rf %iwl^e solved by the GPR survey. Some 
common aims of da^ypre^essmg are: 

Improvement of signal/noise ratio 

Correction of Surface reflection to time/depth zero 

|grpttpnitebrrection of the position of reflection energy that has 
be ^reWcted sideways) 



:orrection (amplification of signals depending on twt) 

An example of a simple processing sequence applied to data acquired on 
an industrial railway track embedded in concrete is presented in Figure 4 
(raw data) and Figure 5 (processed data). The length of the section 
shown is 3.0 metres, the vertical time scale is 12 nanoseconds. The 


processing sequence included a bandpass filter (improvement of 
signal/noise ratio), the correction of the reflection at the concrete surface 









(black band in Figure 4) to time 0, migration (focussing of energy that has 
not been reflected vertically but sideways) and gain correction 
(amplification with respect to twt). 



Fig. 4. Raw data 


Fig. 5. Processed data 
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: \$k£ D^^ith interpretation 

In Figure 6 the origm aM ime scale has been replaced by a depth scale. In 
order to do this the mgn^/elocity within the material has to be calibrated 
with a core, ob^3^rom the GPR data or estimated. In this example an 
estimated signal velocity within concrete of 0.08 m/ns was used for time- 

lnt8|gret^ion is the final step of a GPR inspection during which 
reflections are related to physical structures within the object. The many 
reflections distributed on the whole profile at 0.2 m in Figure 6 have been 
interpreted as single bars of a layer of rebar, while the two reflections at 
22.8 m and 24.6 m have been interpreted as sleepers embedded in 


concrete. 



















7.5. Applications, reliability of results and limitations 


The GPR method can be applied to a wide range of problems, such as: 


Determination of layer thicknesses: concrete cover of rebar, asphalt 
pavement, concrete tunnel walls, subbase and geological layers 

Locating of structures: rebar, tendons or tendon ducts, anchors, 
dowels, cavities... 



Identification of material properties: humidity, chloride 
voids, air content. In general, it can be stated that the invesj 
of material properties is more demanding than the inves 
structural elements and in many cases still under development. In 
this case, other characteristics of the the GPR signalgin be analyzed, 
like the direct wave propagation and its attenua ^g^ Soartai et al, 
2007). 

(Daniels, 2004) gives a detailed description of GP' ^^ ^ms applications. 

Several studies have investigated t curacy of GPR results 
[(Hugenschmidt and Mastrangelo/%006), (Maser et al, 1994), (Maser 
(1996), (FDoT, 2000), (Willet and Risterf 2002), (Al Qadi et al, 2003)]. 
There are several limitations restricting the use of GPR and the accuracy 
of results. We have seen (A^iX^^) that a sufficient contrast in material 
properties is requir^iif^he interface between two materials has to be 
investigated. Without such contrast the boundary will not appear in the 
GPR data. If the ihilfetfss of a certain layer has to be investigated, the 
signal velocity jphy li this layer has to be known (equation 0). If the 
velocity is calmlated with a single core and used for the time to depth 
conversl^n/^ls implies the assumption of constant velocity within the 
Idyer. ThypF assumption is used successfully in many cases. However, it 
should be kept in mind that existing velocity variations will lead to errors 
in the result for the layer thickness. 


The attenuation of the GPR signal within materials is caused by many 
factors, the electrical conductivity being an important factor for practical 
purposes. GPR waves in conducting materials lead to stray currents 
reducing the depth of penetration of GPR signals. Within certain limits 


















































this can be avoided using low frequency antennas (in most materials 
lower frequency waves experience less damping) but this will lead to a 
reduced resolution (equation 0) and may therefore not be feasible. 


As described above interpretation links reflections in GPR data to physical 
structures within the object under inspection. In many cases an 
unambiguous relation between reflections and physical structures is not 
straightforward. In such cases it is a necessity to have adduef^aal 
information such as cores or plans available to support the interrelation, 
in all other cases the availability of such additional information is" still 
desirable. 
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8. Capacitive technique 


8.1. Physical principles and/tnrory 

Xf 



The principle consis, 
surface of a mediu 
through a reson 
capacitor, and 



two electrodes (or more) on the outer 
"applying an electric current between them 
lit. The combination electrodes/medium forms a 
iges in capacitance are indicative of internal 
constituent oT^he medium (like the nature of its components or the 
mojstur^scoiTJ^nt). 


Inde^^Fie configuration of a conventional parallel plate capacitor would 
require a contact with the material under study from two opposite sides 
(Figure 1). 




s 



+ -Fig. 1. The simplest type of capacitive probe is based on the so- 

called parallel plate capacitor. 



of 


As a first approximation (the result is only valid when the s 
between the plates is much smaller than their dimensions), th 
the capacitance C (in Farad) is obtained from the followinjformula 

C = s 0 8 r S/e 1. 

where S [m ] is area of the electrodes, e [m] the ^ lBfcpe between them, 
s 0 [~ 8.854 10 12 F.m 1 ] the permittivity of vacuum, and s r the dielectric 
constant which determines some kind of ability to store electric charge. 

For the application related to measurements of the moisture content of 
cover concrete, the difference is qjgtthe electrodes of the sensor are 
placed next to one another (ti&ure 2), in order to provide a sufficient 
penetration depth of #he electric field between sensing and driven 
devices on one side of t he ma ferial under study. Then, this configuration 
can be seen as the result of gradually opening the angle between two 
electrodes of a pcpmOTplate capacitor (figure 2, from left to right). 


vC^ 



Fig. 2. Configuration of a capacitive sensor designed for cover concrete. 










However, for measurements carried out from the surface, neither the 
volume of investigation, nor the penetration depth are precisely defined 
(which can vary from few millimeters to several centimeters depending to 
the geometry of the electrodes). Actually, the situation is complex, 
because the system appears as a heterogeneous mixing of dielectric 
materials and conductors. As a consequence, there is no analytical 
formulation (like for the parallel plate capacitor) giving the value of the 
capacitance as a function of the characteristics of the investigated media, 
and one has to calibrate the measurements on known homoge neo us 


materials. 

Spaces on both sides of the electrodes intervene, and thd%] 



doesn't constitute a single capacitor but a set of p#o capacitors in 
parallel. The first one (Ci) incorporates the medium lender survey and the 
second one (Ce) the surrounding environment (principally air and 
Plexiglas making up the probe), so that the tote Irap^ita nee is the sum. 


The capacitance is determined by means uH^high frequency) resonant 
circuit delivering an alternative voltage. The resonant frequency shift is 
then obtained by a mere frequency analyzer. The relationship between 
the capacitance and the resfcraan^ frequency shift can be obtained, 
knowing the inductancopof the oPcuit. For practical reasons, since we are 


knowing the inductanc^of the yfeuit. For practical reasons, since we are 
interested in the ch^nge^^hereas Ce is a constant, provided that some 
precautions are taken to prevent "hands effect" and interference of 
external electriodWiW 1 by adding a screen), we can deal with Ci, the 
capacitance j^ flLyfeide volume. 


citance of the 


8.^Measuring equipment and handling 


Applications of capacitive techniques have been various in the civil 
engineering field, from the estimation of water content of soils (Eller and 
Denoth, 1996; Johnson et al. 2004), including the ice-water phase 
transition (Fen-Chong et al., 2006), and the snow (Louge et al. 1998) 

























study, to the dielectric characterization of concrete mixing (Al-Qadi et al., 
1995; Diefenderfer et al., 1998). 


This technique has already been studied over few decades in the French 
network of Public Works Laboratories, initially for the measurement of 
water content in soils (Baron and Tran, 1977; Blaszczyk et al., 1993), and 
afterwards on reinforced concrete before being adapted to post- 
tensioned structures (Dupas et al., 2001; laquinta, 2004). Lately, 
capacitive measurements were performed on concrete slabs, stored in 
homogeneous known water content (Derobert et al., 2008). 



In order to minimize the influences of temperature and i§nictoncSuction, 
the oscillator of the resonant circuit operates at 65 MHz. Pra,Ticaf reasons 
(related to the transmission of information over long dist^ntes) require 
the implementation of a frequency divisor to decrease the signal towards 
lower frequencies in the range of 5 000 Hz. 

The current system can have the po s^Jivy of employing different 
configurations of electrodes in oijjer to reach various depths of 
penetration, as illustrated on the /iguW3: large plates (70*40 mm, 40 
mm spacing), average size plates (70*10 mm, 10 mm spacing) and small 
plates (70*5 mm, 5 mm^p^^^fcpr 



Fig. 3. Prototype of a capacitance probe for measuring the water content of flat 
concrete structures, with its sets of electrodes. 










8.3. Data processing, calibration and interpretation 


The main purpose, when employing electrodes of varied dimensions and 
spacing, is to reach different penetration depths in order to acquire an 
information about the gradient of moisture inside the cover concrete. 
Unfortunately, because of a strong dependency on the intrinsic material 
characteristics, it is rather difficult to delimit the investigation. 


However, we can have an indication of the inspected volume by 
considering the three arrangements of electrodes placed in the c&i!er%f 
the upper face of a concrete slab (homogeneous), as displayed^oh the 
Figure 4a-c. These numerical simulations were condfc.te lL.wj fh the 
commercial finite elements software package FEMLAB 23 [FEM 03]. 
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Fig. m Ifcoim prison of electric potential calculations for a 70 mm-thick slab of 500x500 mm. On 
the left side, equipotential surfaces for: large, average size and small plates. On the right side 
are shown the corresponding vertical cross section plots in the center of the concrete slab. 


Basically, we handled a three-dimensional electrostatics model of the 
system with linear homogeneous isotropic materials. Modeling the 
electric field is carried out using the electric potential V, calculated from 
the Laplace equation (eq. 2). Regarding the boundary conditions, the 








electrodes are equipotential surfaces, and the remainder is considered as 
insulated electrically 


AV = 0 


Eq-2. 


From a qualitative point of view, the intensity of the electric field is 
extremely variable according to the configuration, in particular along the 
depth in the sample. Furthermore, the influence of the probe ranges from 
several centimeters (for that equipped with the larger set of electrodes), 
to a few millimeters (when the device is mounted with the si 
plates). Figure 5 presents the normalized capacitance values as a fur on 
of the concrete thickness coupled with the three sets of e^ctrc 

These values should be regarded as an order of (it may 

depend on the moisture content), but it can be taken as^good indicator 
of the penetration depth of the sensors (the eff^Bh've penetration depth 
being identified at 5% reduction of from tl<e%pximum capacitance - 
arbitrary choice). Then we can estimate to 5 7 rjinn, 2-3 cm and 7-8 cm the 
depth penetration of the small, thdafrgrage and the large size electrodes 
respectively. 




1 10 
Thickness of the sample [cm] 


Fig. 5. Normalized capacitance values as a function of the thickness of a concrete 
sample for the different probes geometry. 














Calibration can be done on homogeneous materials, which dielectric 
constants are known and non frequency dependent. For that, 
measurements were done with the panel of electrodes on PTFE, PVC, 
granite, marble and limestone respectively, thus corresponding to 
increasing dielectric constant. Results are presented in figure 6, and show 
linear relations between the measured frequency and the 
electromagnetic property of homogeneous media. The measurements are 
subtracted to a reference done in the air in order to remove the effect of 
the environment, including the sensor itself and the hand of the operator. 
The slopes of each calibration curve express the capacitance^^ tM 
sensitivity of each electrode to the dielectric constant of ttjesurveyed 
medium. 
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i calibration of the set of electrodes on homogeneous media. 


The varays slopes showing the sensitivity of the electrodes are due to 
thei dimension - and then their capacitance values - associated to the 
chosen frequency band in the resonant circuit of the sensor. 


Then, capacitive measurements done on concretes, and transformed in 
dielectric constant values due to the calibration curves from figure 6, can 
provide information on the moisture of the mixing, the dielectric constant 
being related to the volumic water content of such material. Moreover, 

















the variation of depth penetration of the set of electrodes can give an 
indication of the hydric gradient with depth. 


8.4. Limitations and reliability 


The most important limitations of the technique are related to the 
flatness of the concrete surface, the absence of knowledge of the location 
of the reinforcement and the need of calibration on the concrete material 
itself in order to obtain water content values. 

wv 

Concerning the flatness of the surface, all the effects du#to the building 
of the concrete structure, such as border of succa»6ivB^formworks 
presenting steps, or important spherical voids due to aihCpbles, can lead 


to important errors. 




volume under the electrodes 
measurement values, which co ( 
the reality. 


For accurate measurements, we have to information of the 

location of the rebar in order to do punctul^leasurements in the center 
of the reinforcement mesh. IndeedT^e presence of rebar in the coupling 

induces a slight decrease of the 
iM/bp interpreted as a dryer material than 

Then, the knowledge of air equivalence of dielectric constant remains 
insufficient to get water-content accurate values. Knowing the strength of 
concrete (C25, wJW-) can give a good indication of the relation between 
the capacitive measurements and the water content, but keeping in mind 
that the^atc^e of the aggregates themselves biases the relation. 

For rhe second aspect more related to the reliability, the relative 
measurements induce a strong limitation of the temperature influence 
and prevent any "hand effect". Moreover, the average of elementary 
measurements (~5) a few centimeters around the measurement location 
decreases the noise in the value and strongly diminishes the influence of 
the size of aggregates in the mixing considered as homogeneous material. 















At last, this technique is limited to the water content estimation of 
homogeneous concrete which thickness should remain above 10 cm. 
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9. Electrical resistivity measurement 


9.1. Physical principle and theory 


Electrical resistivity measurements on reinforced concrete are used to 
assess probability of corrosion. They are sensible to factors influencing 
rebar corrosion (salt and moisture) and allow a more accurate 
interpretation of electrochemical measurement results (polarizj 
resistance or half cell potential measurement). 

Due to their sensitivity to on site concrete parameters, •esearch is now 
oriented to the use of electrical resistivity to assess concrete conditions 
directly. 


larization 


Electrical conduction in porous materials is d 
Archie's law (Archie, 1942): 



ribed 


oocret 


Pr = a <t> 


-m ^-n 


4 


by the empirical 


Eq.l 


where p r is the resistivity of rock, ^ the porosity, p w the resistivity of the 
fluid in the rock, s the satttotia^ degree, a, m and n are three constants 
linked to the studied ma 

This empirical relation has been established for rocks, but works show it is 
possible to use for concrete. Parameters have then to be determined 
(Table 1): 




a 

m 

n 

Depend on 
lithology 

Depend on 

cementation 

Value for rocks 

0.6 to 2 (increases 
with porosity) 

1.3 to 2.2 (increases 
with cementation) 

About 2 

Value for concretes 

0.1 to 0.8 

4.6 

2.43 



Table 1: parameters of Archie’s law, after (Naar, 2006) 

The measured resistivity is linked to nature and volume of fluids in 
concrete (parameters p w , and s of Archie's law), but also to 
microstructural parameters of concrete (porosity, interconnectivity of 
pores, tortuosity (Andrade et al., 2000)). Thus, electrical resistivity is 
considered as an indicator of concrete transfer properties. Recent works 
suggest using it as an indicator of durability to characterize concretes 
(Baroghel Bouny et al., 2004). 


Any significant change in porosity (between different types or beca 
an alteration) influence electrical resistivity properties of con^k< 
interface either electrically insulator or conductive ^an l^g 
consequences for resistivity measurements. 


9.2. Measurement techniques and han 


landli 




9.2.1. Laboratory 


The laboratory measurement of/the resistivity of concrete can be done 
using two probes or four pr^e^equipment. In a two probe arrangement 
the sample (poured^ or from coring) is saturated by water and 

put between two metallic probes (equipped with moistened sponges to 
improve electriedl ^Hfact - see figure 1). An electrical current (I in 
amperes) is La^ected between the probes and the potential difference (AU 
in voljt^) i^meaWred. The electrical resistance (R in Ohm) is calculated by 
Ohm's law: 


r=w/i 


Eq.2 




































1- sample 



Fig. 1. Two probe laboratory electrical resistivity measurement devici 


icqit 

rthrcc 


The pressure on probes is constant and fixed l^the constant mass. A 
calibration of sponge resistivity is done (a measHP^A/ith the two sponges 
and without any sample), to extract the e^S^<®sistance of sample: 


R 


sample ' 


R-R 


sponges 




Eq.3. 


2- sponges 

3- metallic probes 
constant mass 


Measurement can also be 
device change, the priifty: 
done at separate ele 
from any contact Ipsisi 


'\U\ a four probe arrangement. Only the 
le same. The potential measurement is 
Main advantage is the independence 
ices (Rsponges in the formulation above). The 


measurement 0W i^^omewhat more complicated, but accuracy is 
significantly higher. For impedance measurements (see §9.2.4) in the low 
frequency range^he use of four electrode arrangements is a requirement. 















Y 

rating 


P - ^sample S / / 


Eq.4 


Fig. 2. Four-probe laboratory electrical resistivity measurement device 

Finally, the resistivity (p in Ohm.m) of material is deduced inte|_ 

geometrical factors (or cell factor): height (/ in m), and s§etfon (S in m 2 ): 

Resistivity is independent of geometry and sjze of sample. The technique 
allows characterisation of concrete under controlled conditions. This 
resistivity is representative of average properties of material at the scale 
of sample. A resistivity variation in the sample cannot be characterised.. 

This method is proposed J^a tosess properties of initial concrete as a 
conformity test for n^k^ ^^ ete. as for example today compressive 
strength test. 


9.2.2. 


ireasurement of cover concrete resistivity 


On site me. 

Electrochemical measurements to detect corrosion activity in reinforced 
concrete Ire strongly influenced by the concrete's resistivity. Simple two 
probe measurements are providing the required information. Resistance 
(R in Ohm) between a probe at the concrete surface (generally a little disc 
with D its diameter in m) and the reinforcement is measured (Fig. 3). The 
resistance (R in Ohm) is calculated from the potential drop measured by 
an electrical current impulse (Feliu et al., 1990). The resistivity (p in 
Ohm.m) is given as: 








2 RD 


Eq. 5 



9.2.3. 


Fig. 3. Electrical resistivity measurement device for cover concrete characterization. 

This approach is generally used simultaneously to %ec%ggMemical 
measurements because it needs to connect probe to reitjfor^lTient. The 
measure has to be done right to the rebar. It comrjfcfi electrochemical 

On site measurement witftfpur probe devices 

General on site resistivity meas u^4g^ have to be done with four probe 
devices. This approach .is to detect factors conditioning 

reinforcement corrosion (moisture, salts, etc.) and probability of 
corrosion (Polder dt al. 2000). Some others applications have been 
developed independently of the rebar corrosion study (Sirieix et al., 
2007), (Klysz, et, 

An ekjctriip cS>Trent is between two probes (I in A). The potential 
difference (/Win volts) is measured between two separate ones. By using 
Ohm y> la w R = Ail / /, the measured resistance (R in Ohm) is calculated. 
The size and geometry of the electrode arrangement are taking into 
account to calculate the apparent resistivity (p a in Ohm.m), by the 
geometrical factor k (in m): 



Eq. 6 


Pa = kR 













In homogeneous material the apparent resistivity equals true electrical 
resistivity. In structures with layers, inclusions or property variations, a 
mixed ("apparent") resistivity is measured. True values can be 
approximately calculated from sets of measurements with different 
spatial sensitivity and mathematical inversion: this is called electrical 
resistivity tomography, still in development on concrete. 


Two different electrode configurations are generally used (Table 2). The 
electrode distance a (m) influences the depth of investigation. Many 
devices are using a = 0,05 m. By this way, concrete is characteriseddmE^ 
first few centimetres. 

A 


eometrical 

factor 



Table 2. devices for on-site measurements of electrical resistivity 































9.2.4. Frequency Domain Methods 


Electrical resistivity measurements are normally done using direct 
current, in most cases alternating direction to avoid electrode 
polarisation. Using alternating currents at various frequencies additional 
parameters can be derived. Most of them are related to solid/liquid 
interfaces, thus providing information about the microstructure of 
concrete. 


High frequency methods (several kHz-several MHz, Electrical Impe 
Spectroscopy, EIS) can be used to assess the dielectric constant e frn^uu 
et al., 1993). The technique consists in the measure of electrical 
responses (not only resistivity) of concrete for several signal frequencies. 
This technique is currently focused on the study of cofl?-r|te hardening 
(Ping Xie et al., 1993), or on the system rebar-concrel^up the aim of rebar 
corrosion study (Koleva et al. 2008). The methoai^nat well adapted to on 

A . 

are on 


site investigations, even some results are 
structures (Ozyurt et al, 2006). 


monitoring of concrete 


Low frequency applications (sever 
Polarisation, SIP) are currently 
material as masonry ^n , d ;r: 



several kHz, Spectral Induced 
research. Results from other 
lat SIP might be able to provide 
information about porfl^tv w and geometry related parameters as 
permeability or forn^^^f^tors (F = a in eq.l) as well as a method 
to distinguish between saturation and salt contamination effects 
(Kruschwitz ^Dy ./ 


\v 

Calibra 


Calibration, data processing, interpretation of results 


As many factors are influencing the electrical resistivity the interpretation 
is mainly based relative variations. For characterisation of probability of 
corrosion by electrical resistivity, threshold values are proposed for on 
site assessment. The method measures only the presence of factors 
influencing rebar corrosion, which have both similar effects on resistivity: 
moisture and salts. Both decrease electrical resistivity (Table 3). But many 




cases prove the limitation of interpretation based on these thresholds. So 
today, engineers prefer to adapt the treshold values in each case by a 
visual inspection of rebars (opening a window in concrete). 


Electrical resistivity (Ohm.m) 

Probability of corrosion speed 

>1000 - 2000 

Negligible (concrete is too dry) 

500 -1000 

Weak 

100 - 500 

Moderate to high (when steel is active) 

< 100 

Resistivity is not the driving factor of corrosion 


Table 3: Corrosion speed probability from resistivity measurements 


•v° 
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9.4. Reliability and limitation of results 

Resistivity of concrete is influenced by many, para me ters, linked with the 
material properties, with the structure oryvith the environment: 

Parameters depending on the concrete composition: cement type 
(Hammond and Robson, 1955), water/cement ratio (Hammond 
and Robson, 1955), (w/^liigton et al., 1981), aggregate (nature, 

quantity, etc.) (^ill^ri,^M01),(Morris et al. 1996) 

. 

Environmental factors: temperature (Spencer, 1937), moisture 
(Wolf and LaueS|980), salt ingress (Saleem etal., 1996) 

Geometrical effects: influence of rebar and edges (Millard, 1991), 
(Latast^^^/, 2003b). 

iffifferanges for the resistivity depending on the value taken by 



.. 

"hese parameters are provided at Table 4. These multiple 


The 

some of 

influll^K restrict the interpretation to the delineation of relative 
variations of resistivity. An isolated value of resistivity cannot be 


interpreted. However variations in time or geometry (lateral variations or 
in depth) make it possible to assess material or structure characteristics. 






























Electrical resistivity (Ohm.m) 


Influence of concrete 


Ordinnary Portland Cement (35MPa) 

500-1400 

Self compacting concrete (35MPa) 

300-1000 

High Performance Concrete (65MPa) 

850-1500 

Fibre Reinforced Concrete 

80 - 400 


Influence of conditions 


Environment 


Very wet, sprayed atmosphere 
Natural atmosphere 

External atmosphere (sheltered concrete, 20°C/80%HR) 

Carbonated concrete 

Internal atmosphere (20°C, 50%RH) 


* Containing slag (>65%), or fly ashes (>25%), or silica fume (>5%) 


Table 4: some electrical resistivity ranges for concrete 


9.5. Guidelines for use, references, stan 


Electrical resistivity (Ohm.m) 


Ordinnary Portland Cement 


Other concrete 


1000 and more 
3000 and more 



0 


* 


c> 



Currently there are nor guidelines, references or standards available. 
Recommendations can be found. They give some elements allowing 
reliability of resistivity measurements (Polder et al., 2000) (Chlortest, 
2006) 


9.6. On-going devi 
questions, sneaifT 


pments: problems under research, new 
evelopments 


Electrical resistivity is sensitive to many factors which are important for 
the assessment of concrete structures. Porosity, humidity and salt (e.g. 
c»rides) are three main parameters leading the electrical behaviour of 
mateltorSo, resistivity has the potential to be used as an indicator for 
durability and to characterise the material. There for this this measure 
might be considered as laboratory conformity test in the future. 


Main problem for interpretation of on site measurements in terms of the 
damage detection and assessment is to separate quantitatively the 
various factor influencing the measurement. This point was studied in the 


















frame of the French ANR-SENSO project, where two possibilities were 
identified: 


better definition of parameters a, m, and n for concrete in the Archie law 
(for inverse analysis of measurements); 

using resistivity in combination with other techniques to assess values of 
porosity or saturation rate of concrete. 



Others topics in progress are: on site crack investigation (Lataste et al. 
2003a), characterisation of steel fibers in FRC (Lataste et al, 2008) (Ozyurt 
et al 2006), electrical resistivity tomography (Chouteau et al. 2002 
for rebar corrosion assessment (Koleva et al., 2008), application 
techniques (Kruschwitz, 2008). AT 
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10. Infrared thermography 


10.1. Physical principles and theory 


i i,W( 


Infrared radiation covers the spectral range from 0.7S j/EW .Wl0 pm. For 
standard application in infrared thermography, a range frwn 1.5 to 14 pm 
is used. This type of radiation is mainly emitted b^he ^iSject itself. Spectral 
range and intensity of the emitted radiation depMia^j^he temperature, which 
describe the molecular movement, and the ejl^Vity. For a black body, the 
spectrum of thermal radiation can be described by Planck’s law: 


t black _body 
/l 


(T) = 


where L b ^ ck - body (T 

the black body, 

radiation. 




Eq.l. 

pectral brightness (W.m" 2 .pm _1 .sr _1 ) emitted by 
e wavelength (m) and Cl and C2 are two constants of 


FigurdT^§froll|jphe appearance of spectra of radiation of black bodies for various 
teiameraturts.' 
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Fig. 1. Spectra of blackbody radiation vs wavelength for different impe% 

The emissivity s is the ratio between the radiated power.emitted by a 
general structure in relation to the power emitted by ayriideal radiator 
(black body). For a black body, the radiated jafl^er is independent of 
material properties and depends only on \tsjte\%p/ature. Therefore, the 
emissivity of a blackbody is always 1. The ^lissivity of real structures 
varies between 0 and 1 (0 < s < T||gnd depends more or less on the 
temperature, the wavelength, the polafisation and the angle to the 
normal. This dependency is i/fffltenced by the surface properties like 
roughness and contar^n^j^mfcPor each body, the directed spectral 
emissivity is equal t^y^h^directed spectral absorptivity (Kirchhoffs law). 
Table 1 shows typical values of emissivity for some building materials. 



materials 


Asphalt 


Red brick 


0.93 


Plaster 


0.91 


Dry soil 
Wet soil 
0.9 
0.95 


Table 1. Normal total emissivity at 20° C for classical building materials. 


At ambient temperatures, a large part of this radiation is situated in the 
spectral range between 1.5 and 20 pm where the human eye is 
insensitive. To detect this radiation, infrared cameras are used which 
include one detector or a detector array (focal plane array, FPA) to 
convert this radiation into an electric signal. Two atmospheric 













transmission windows are used (3 to 5 pm or 8 to 12 pm). For FPAs, each 
detector receives radiation from a small solid angle (instantaneous field of 
view, IFOV). 


The radiometric equation (Eq. 2) describes the calculation of temperature 
from the measured radiation intensity. A camera which observes an 
object (Fig. 2) receives radiation that is made up of three parts: the 
radiation emitted by the object at a constant temperature T 0 , the 
radiation of the environment at the temperature T e reflected by the 
object (if the emissivity is < 1) and the radiation emitted 
atmosphere between the object and the detector. 

Observed 




Camera 


Fig. 2. Composition of the^^^pfn received by the camera 
I — ^atm [^0 >0 + ( U ] "*” ( 1 " ^atm ) I atm 


Eq- 2. 


wher^h^fareef parts e 0 1 0 , (1 - £ 0 ) l e and + ( 1 - T at m ) I a tm respectively 
correspond to the surface emission, the reflected variation and the 
atmospheric emission, with: 


I' = radiation detected by the camera [W.m" 2 .sr _1 ] 
l 0 = radiation of the object itself [W.m" 2 .sr _1 ] 
l e = radiation of the environment [W.m‘ 2 .sr _1 ] 

I atm = radiation of the atmosphere [W.m^.sr' 1 ] 



8 0 = emissivity of the object 

x atm = coefficient of transmission of the atmosphere 


The atmospheric transmission T atm is a function of the distance between 
the surface under test and the camera and the atmospheric properties. 
For short distances, it can be approximated by 1. Beyond several metres 
the absorption and emission of the atmosphere itself can no longer be 
neglected. The humidity affects transmission in a great deal. 


When the parameters of the radiometric equation are estimatea^jie 
average temperature of the surface may be deduced. The qualjty of the 
estimation of temperature values is directly linked to tf^ validitwof the 
hypotheses and the accuracy with which the various parameters are 
determined. 


raphy me 


The methods of auscultation by infrared thermog^p^may be classified 
in two categories: 

• Passive methods, for which no addrtWnal source of heat is used 
specifically to carry out the auscultation. 


• Active methods, for whj 
artificial means, set u[ 

The characteristics of 
following. 



diffusion of heat is provoked by 
ry out the auscultation. 

categories will be discussed in the 


and handling: the infrared camera 

>A) were developed and the increase of 
image repetition frequency during the 
last ten years has accelerated the applications in several areas. Adjusted 
to the area of application and to the environmental conditions, different 
IR cameras can be used which are mainly distinguished by the detector 
types. Among others, these detectors are characterized by their spectral 
range, spatial resolution, noise equivalent temperature difference (NETD, 
thermal resolution), integration time and long term stability. With these 


10 . 2 . 




g equipment 


Irtfhe 1990s, focal plane arrays (FI 
arra^ui^; thermal resolution and 







detectors, commercial IR cameras with a full frame rate of up to 1 kHz for 
a FPA size of 256 x 256 were achieved. For lower frame rates, larger 
arrays (1024 x 1024) can be used. The maximum thermal resolution 
(NETD) is less than 15 mK. 


For a thermographic study, the choice of camera’s position results of a 
compromise between spatial resolution and size of observed area. Numbers of 
detectors (pixels) and optic system of the camera are parameters of the choice. 
The required objective has to be selected (wide angle, normal, tele). For 
example, with an objective of 24°xl8° (horizontal field of view x vertical 
of view) and a matrix of 320x240 detectors, the IFOV is 1.3 mrad. If thp 
has a distance of one meter from the surface, the observed area is a j 
rectangle. Each pixel corresponds to a 1.3 x 1.3 mm 2 rectangle. # ; 


If possible, the camera should be positionned followini 

Before starting data acquisition, the camera should^e s' 
least 30 min. 


1 




ace normal, 
fched on for at 


10.3. Data processing, calibration and interpretation 

Infrared thermography allows/tils^Wing a field of temperature on a 
surface. The information is elwtted from gradients observed at the 
surface at one time.jicfo^tatiW may also be deduced from evolutions of 
llthJme. 


the temperature fiel 
only be observed 



Temperature gradients or variations can 
stem is submitted to heat transfer. 


When considering the investigation of civil engineering structures by 
infrar^Ltl^limography, we are faced with difficulties which make the 
Joitatiin of numerical values of temperature difficult. The 
temp%prflire of the environment is an ideal that is hard to establish. The 
emissivity of the material is not known with great accuracy and it might 
vary along the surface and with the angle of observation. However 
surfaces of non-metallic elements in civil engineering have high 
emissivities and low reflection coefficients. Strong reflections due to 
direct sunlight for example must be avoided. Most of the applications 
developed up to now for testing of structural elements or buildings 






involve qualitative exploitation. They aim to interpret temperature 
differences. In a quantitative procedure, the analysis of absolute 
temperatures is envisaged. 

In case of on-site applications, the influence of rain, fog and wind has to 
be considered. 


10.4. Passive thermography applied to the investigation of 
discontinuities 




10.4.1. Principles 


Temperature gradients at the surface may denote the presence of an 
anomaly under the surface of the material when ttesurface is exposed to 
the environment (sunshine, variation of the daily ambient temperature, 
etc.). If the surface is submitted to a thermalyariation, the heat diffuses 
inside the material. The presepfe of a discontinuity such as a 
delamination, cavity or crack introduces a change of thermal properties 
which alters heat transfer. For ioatanksfa hotter zone might appear at the 
surface depending on the properties. Conversely, if there is heat 

loss (cooling), the sienatWe^jJ# be a cold layer. Heat diffusion may also 
be modified by cgp^stpr! thermo-physical properties within the 
material. 



The following example concerns the investigation of a waterproof 
cover>i{g 0^3 bridge. The defects of adhesion of the covering are easily 
detected by using infrared thermography. The parts that have come 
unstuck appear warmer at the surface (see Figure 3-right). Natural 
environmental effects are sufficient to generate a serious temperature 
contrast. Figure 4 shows the case of a concrete structure reinforced by 
composite plates. Preliminary thermography studies can be used to 
control the quality of reinforcement. 

































Fig. 4. Study of the quality of i 
visible image (left) and infrared 


concrete and composite reinforcing plates: 


rrareoi 

v 

10.4.2. Limits and reliability 


Fof detectsinjfmhomogeneities, the following conditions must be satisfied: 
First,"We thermo-physical properties of the defect and the material must 


Fig. 3. Study of waterproof covering: visible image (left) and infrared image (right 


be contrasted enough. 


For estimating the detectability of defects and inhomogeneities in 
structures, the heat transfer can be described by the thermal wave 
propagation (harmonic heating process with wavelike temperature field) 
(Maldague and Moore, 2001). In this model, the reflectivity of thermal 






















waves at interfaces is determined by the differences between the 
effusivities of the contiguous materials. For the one-dimensional case, the 
reflection coefficient R of a plane thermal wave for transmission from 
medium 1 to medium 2 is equal to: 


e \ C*2 _ yjP\ c \\ V 
e \ e 2 V P\ C \\ V Pl C 2^2 


Eq. x 


Thus, for a successful detection of inhomogeneities, there must, 
sufficient difference between the thermal properties of medium 

The larger the difference between the effusivities of the two me 

# t / 

higher the thermal signature of the inhomogeneities is. F^y^femce, the 
reflection coefficient at a concrete/air interface is about IMm, while the 
reflection coefficient of a concrete/steel interface is abouV24%. 

The second condition is on size: at a given deptl^^fects can be detected 
only when they are large enough. Typically, the size must be at least equal 
to the depth. 


where p is the def 
frf is the thermal e 




The third condition for detectafejl^ is linked to the heat wave 
penetration depth. The study ^Lcna heat wave propagation shows that a 
sinusoidal variation at«theJ||urface is propagated in the material with 
amplitude which decreases exponentially with the depth. The depth at 
which the amplitudes decreased to e 1 is the penetration depth p: 


■ V ( a / re f) 


depth of penetration (m), a is the thermal diffusivity (m 2 .s" 


excitation frequency (Hz). 


At the surface, the response to thermal excitation is not sensitive to the 
presence of a discontinuity if its depth exceeds three times the 
penetration depth. For example, a day-night cycle can be assimilated as a 
first approximation to a sinusoidal variation of 1.16 xlO" 5 Hz. For 
concrete, the depth of penetration corresponding to this frequency is of 
the order of 10 cm. This means that defects deeper than 30 cm cannot be 

























































easily detected. Thus lower frequencies are required. For example, the 
response to the annual seasonal cycle can highlight anomalies situated at 
a few metres in depth. Day/night variations are often used for the 
detection of defects located near the surface. 


Results of a simulation is presented there. A concrete slab in which a void is 
present at depth e is submitted to a 24h-harmonic thermal excitation. The imposed 
heat flux on the upper surface follows a sinusoidal variation. Figure 5 show 
surface temperatures evolutions. In this case, a 1-cm thick air gap is situated 5 cm 
from the surface and above sound material. 



temps (h) 

Fig. 5. Temperature variations on the surface 
for a plain slab and a slab with delamination. 




6. Temperature difference between a 
above the defect and a zone with defect 


The temperature time variationjfj|War to be more contrasted above the 
iT e ^KmSPuur 

it JkmM 


delaminated zone, which 
The simulations show 4 
most interesting times^ 
differences between thl 


luring the day and colder during the night, 
ing (6h) and the late afternoon (18h) are the 
Say, since they enable the highest temperature 
with and without a defect to be observed. 


'th ( ;j& i 

iufficMjt. The thermal contrast may be reduced if the convection at the 
;u|face that «too< 


The fourth 
suffic 
su 


is to have a thermal excitation whose amplitude is 


strong (e.g. due to wind). 


FigunPf illustrates the investigation of a concrete facing installed on the 
edge of a lock. Delaminations are detected by a thermogram recorded at 
the end of the day. 
















Fig. 7. Study of a concrete siding: visible image (left) and infrared image (right). 


10.5. Investigations with active thermography 


Qy 

i Iwfctive 


10.5.1. Principles 

Active infrared thermography methods are basedAi Ifc^fctive heating or cooling 
of the structures under test to provide afl^msteady temperature gradient 
(Maldague and Moore, 2001). Inf%iyil engineering, two of these active 
methods, impulse-thermography (IT) ap^e phase thermography (PPT), have 
been proven to be very useful fox 4fr\i^estigation of structures close to the 
surface. 

| 

Experimental set-up apA^a^S^quKition are identical for IT and PPT: the surface 
of the structure to be im^fcgated is heated by using a radiation source (also other 
energy sources are anMcaJpie depending on the testing problem) as visualised in 
Figure 8. After swhenkig off the heating source, the cooling down behaviour is 
recorded in real time with an infrared camera. The propagation of the heat depends 
on th^^iatALl properties like thermal conductivity, heat capacity and density. If 
the*e is ^kinBmogeneity in the near surface region of the object with different 
tli^ral piJperties, the heat flow will slow down or accelerate in these local areas. 
While observing the temporal changes of the surface temperature distribution with 
the infrared camera, near surface inhomogeneities will be detected if they cause 
measurable temperature differences on the surface. 



















c 


cooling time in s 


Fig. 9. Transient curves above a reference point and above a defect a 
difference curve with a maximum temperature AT max at a distinct 



PPT is based on the application of the Fast Transformation (FFT) 

to all transient curves of each pixel. Thus, one obtains amplitude and 
phase images for all frequencies.Amplitude images show the internal 
structure of a specimen up to a makirrfom available depth depending on 
the frequency (low pass filter behaviour). Phase images show the internal 
structure within a certain dg|rtfl range depending on the frequency (band 
pass filter behaviour^ [f&tokRfcAe and Moore, 2001), (Maldague, 2001), 
(Wedler et al, 2003), < 7maldague, 1993)]. 


10.5.2. Measurement equipment and handling (general) 

irirr^rital set-up consists of a thermal heating unit, an infrared 
id a computer system, which enables digital data recording in 

real ti? 




For the civil engineering applications, the heating pulse is realised as a 
square pulse, which can be described as a superposition of different 
frequencies with varying amplitudes. 





In most cases, infrared radiators have be proven to be the most suitable 
sources, being fast and efficient and generating a homogeneous 
temperature increase. For this, the heating procedure is usually done 
dynamically by moving the radiators (computer-controlled) at an 
appropriate distance from the surface and by using an automatic scanner 
system to obtain the best possible homogeneous heating. The heating 
time varies from several seconds up to 60 min. It must be considered that 
the surface temperature should not rise higher than 50°C to avoid any 


damage. This temperature has to be even less for sensitive surfaces j ie 
cooling down process of the surface is observed with an infrared camera. 
This camera and the related software for data acquisition ^na%ialysis 
should at least fulfil the following conditions: , 

■ 

availability of recording of sequences of thermal images with a 
minimum frame rate of 1 to 10 Hz to record fast cooling down 


processes; 


known file format of thermal sequ 


■ 4 ' 


for further data analysis; 


extraction of transient curves (temperature as a function of time 
for one pixel) must be possitfle^^ 

for on-site measuremef^ W heating source has to be placed 
close to the surfadfc/LmipMnvestigation (distance 10 to 20 cm) 
and should tje ij|oy^We to obtain a homogeneous heating. A 
respective polfer supply must be available. 

An operational test should be performed measuring the surface 
temperature of a known object (reference object). A first thermogram of 
the surface td^e investigated should be recorded to have a reference 
image mumore or less thermal equilibrium. During the whole time range 
of data recording, it should be ensured that nothing and nobody is 
crosslmnn the area between camera and observed surface. 


10.5.3. Data Processing related to impulse-thermography (IT) 

Data processing related to IT is performed if qualitative and quantitative 
information is needed about inhomogeneities and defects near below the 
surface. 


































As raw data, temporal sequences of thermograms are available 
containing information about environmental and measurement 
parameters in the header. The single steps of IT data processing are the 
following: 


Correction of temperature data related to surface emissivity and 
environmental parameters, if this has not been already 
performed on-site; 


enhancement of the signal to noise ratio, e. g. by averagin 
thermograms or spatial or temporal filtering; 


■Q 


aging of 

cCr 


edge 


location of defect areas by visual examination 
thermograms. Contrast areas can be accentfsrt.e|L 
filtering or through further steps of image processing; 

transformation of geometrical parameters T#tee^j/d position of 
measurement area, planar size and posjtiQvSvfr inhomogeneities 
or defects); LXJ 

selection of transient curves (temperature of a pixel as a function 
of time during cooling do^W of pixel above sound and defect 
area, calculation of the difference curve; 


calculation of maximur 
time t max after the : 
the temporal v#iatf! 


contrast AT max and the respective 
faj/ off of the heating source by analyzing 
jjf contrast, as on figure 9; 

from calibratlS^cui^s and/or numerical simulations, the Inverse 
Problem can be solved, e. g. quantitative information can be 
obtained about the depth (concrete cover). But this is only 
possj^W a lot of prior knowledge is available, e. g. the thermal 
properiWs of sound and defect material must be known. 




10.5j^rata processing related to Pulse-phase thermography 


Data processing related to PPT is also performed if qualitative and 
quantitative information are needed about inhomogeneities and defects 
near the surface. In PPT, non unique emissivity at the surface and indirect 
reflection have a reduced influence on the results. The sensitivity to 
deeper defects is thus enhanced. 

















As raw data, temporal sequences of thermograms are available 
containing information about environmental and measurement 
parameters in the header similar to IT. The single steps of PPT data 
processing are the following: 


Correction of temperature data related to surface emissivity and 
environmental parameters, if this has not been already 
performed on-site; 


enhancement of the signal to noise ratio, e. g. by averagin 
thermograms or spatial or temporal filtering; 


of 



calculation of Fast Fourier Transformation (FFT) of eaoH 
curve resulting in amplitude and phase spectra. F(fKenMmcing the 
frequency resolution, zero padding of the transient curves can be 
performed (enhancing the transient curves in td^l time range 
with room or offset temperature). Since most ofYne information 
in the spectra is included in the very low frequencies, zero 
padding is essential; A 

for each frequency, amplitude ano^fllLse can be presented for 
each pixel resulting in amphljde and phase images. Thus also in 
amplitude and phase images capfte presented in sequences (as a 
function of frequency). 

As an example, select^! tpfrrTOgrams, amplitude and phase images of 
the concrete test sp^rinffl^with voids at different depths are shown in 
Figure 10. In the phase image at the lowest frequency in Figure 10, all 
defects can be cLewly men with better contrast as in the time sequences. 
With increasing frequency, the deeper defects disappear in the amplitude 
as wel]fas in the phase images, but earlier in the amplitude images. 




21.8 bis 28.2 °C 21.1 bis 26.1 °C 


30 to 50 °C 


23.0 to 33.6 °C 
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The data processing describe 
inhomogeneities inducing after th 
surface temperature than in t 
thermal properties and th 


determined if compn 
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Fig. 10: Images built at respective times ( 0, 34.5, 68.5 and 102.8' Triin after 30 min heating 
time): thermograms (top), amplitude images (middle) and pha|^ma|es (bottom). The concrete 
specimen contains voids at varying depth from 2 to 8 cm ^ 


bove might lead to identify 
ctivation a lower or a higher 
area. As mentioned above, the 
f these inhomogeneities can only be 


or-knowledge is available. 


In most cases, further quantitative results will be available only on the 
depth of inhom^^n^^s or defects, which will have more or less large 
relative errc 


10.6. Guidelines and Standards 

For the applications of active thermography for concrete testing, at time there are 
no standards. Guidelines for the investigation of historic masonry structures have 
been developed during the EC funded project ONSITEFORMASONRY and will 
be enhanced by the RILEM TC SAM. 








In the following, related standards concerning passive and active thermography 
are listed: 


ASTM C 1046, Standard practice for in-situ measurement of heat flux and 
temperature on building envelop components, 1995 

ASTM C 1060, Standard practice for thermographic inspection of insulation 
installations in enbvelope cavities of frame buildings, 1990 


ASTM C 1153, Standard practice for location of wet insolation in roofing systems 
using infrared imaging, 2003. 


i bridge decks 


ASTM D 4788, Standard test method for detecting delaminations in 
using infrared thermography, 2003 

: 

DGZfP-B, Guideline for thermographic investigations at buj Mng ^fements and 
building structures, Edition 1993-10 (in german) #/ 

DGZfP-TH 1, Characterization of thermography sy£®hs^£dition 1999-03 (in 
german) 

DIN 54162, Non-destructive testing - Qualification^nd certification of personnel 
for thermographic testing - General and fecial principles for level 1, 2 and 3, 
Edition 2006-09 

DIN 54190-1, Non-destructiv| testing - 
principles, Edition 2004-0f . 


Thermographic testing - Part 1: General 
Thermographic testing - Part 2: 


DIN 54190-2, Non-dret^^ve testing 
Equipment, EditiomTOl 


DIN 54190-!^^^n-d€structive testing - Thermographic testing - Part 3: Terms 
and deiinitiife, Ottion 2006-02 



EN pi87 Thermal performance of buildings - Qualitative detection of 
thermlltofifegularities in building envelopes - Infrared method, Edition 1999-05 
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11. Radiography 

11.1. Physical 



and theory 


Radiography in civil engineering can concern a lot of structures. Theoretically the 
limitations are onfc^&ted to the penetration depth of the rays and to the exposure 
rate of the enpfUkr^Pran be used on concrete, reinforced or prestressed concrete, 
stone, Morw^ndmeel. 



Ljkb it is transmission technique, it needs to access to the two opposite faces of 
the^kuctu^. One face is highlighted by the source and the sensitive film is placed 
on tmFSther one. In radiography, the radiation is either X-ray or gamma-ray. 
Gamma rays are emitted by an artificial source (Cobalt 60 or Iridium 192). In the 
case of X-rays, accelerators are used to obtain higher energy. For usual 
applications, the radiation attenuation through the material is measured with a 
sensitive film located on the opposite face (Fig.l). 


Field applications of radiography include the detection of reinforcement location, 
voids, cracks, the quality of grouted post-tensionned tendons and the failure of 
cables. As well, radioscopy is a different form of radiography in which the 




















transmitted radiation is converted into a visible light and recorded by a video 
camera. Radioscopy has been used in France for the detection of grouting defects. 


sensitive film 



concrete 


# 


Fig.l: principle of radiography 

Classically, industrial radiography is able to observe: m 

the presence of cavities inside the concrete Jm. 

fectymi 




hd also its defects 


the presence of grout inside the prestressinjfglct 
the localization of tendons *4 

the localization of the reinforcemenW fciA he diameter of the rebars 
the discontinuities of the du^m. 

,hebroke " w ' resorcables ^ ses - 


11.2. Measuremen 



ipment and handling 


The source is chosen m repfion with the scope of the investigation (size of the 
target, thicknessconcrete element, implementation conditions and 
radioprotection), fate j freight of the source is linked to its power of penetration 
through the n^fl^apTable 1 gives examples of source characteristics. The picture 
of Figadfc 2^|ustimes an example of a source of Iridium 192. 



Radioactive half-life 

Weight of the 
source (kg) 

Maximal thickness 
(cm) 

Iridium 192 

74 days 

25 

30 

Cobalt 60 

5.3 years 

120 

40 

Cobalt 60 

5.3 years 

350 

65 

X-rays 


45 to 120 

130 


Table 1 : source characteristics 




The choice of the source depends on the exposure time, the thickness of the 
element and the required resolution. 



Fig. 2: source of Iridium 192 

For the receptors, the use of photographic films (emulsion) is very usual and the 
different categories of films are defined by standardSkTlie film is always 
associated to a filter and a reinforcing screen. The^^iice j of the film is done 
regarding the thickness of the element, the required sensitivity and also the 
exposure time. The image quality depends on tMemitter, the distance between the 
source and the film, the incidence of the ray^nhe choice of the film, the 
reinforcing screen and the filter. The a llan ce between the source and the film 
depends on the thickness of the elemenlj 

The use of radioactive sources hj^mf vBry hazardous, specifically trained and 
accredited persons for irrmlementil iC-th e technique and for protection aspects are 
required. A protection are^mi^ he^ defined around the sounded structure and it is 
necessary to move aw^all^^persons from it, during the entire test. It can be 
disturbing for the users/p^icuiarly if the structure is a flat building. 


11.3. 



€7 

l ' s, references and standards 


12 : Principes generaux de l’examen radiographique, a l’aide de rayons 
F a, des materiaux beton, beton arme et beton precontract 

NF EN 1330-3 : Essais nos destructifs - Terminologie - Partie 3 : Termes pour le 
controle radiographique industrielle (indice de classement: A09-020-3) 


BS 1881: Part 205, Recommendations for radiography of concrete, 
British Standards Institute, London, 1986. 




11.4. Calibration and interpretation of results 


The optical density related to the grey levels of the sensitive film is analysed. The 
quality of the images is generally good because the attenuating characteristics of 
steel, concrete, and air differ greatly (Fig.3). 






1 : identification of 
the film 

2 : markers 

3 : hole 


Fig. 3. An example of radiogram and interpretation - sonpdto? d* 
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internal tendon 


The radiographic techniques can pn 
of their ability to observe cross-se 
applicable for every kind of conc^fti 
currently pose the pro We 
advancements in p 



very useful information because 
images of the object. They are 
structures. However, these methods 
ety and other limitations. With further 
Tography equipment for field applications, 
such devices could hav^fc^iclespread use. In particular, safety increasing, 
and imaging speftS^^Rrances to permit practical scanning rates should 
e%£*te 



greatly impr 



technique. 


liability and limitation of results 


Despite its high interest of providing an image of the internal structure of 
concrete, radiography has several limitations: 

- Being a technique by transmission, two faces of the structure must be 
accessible 

- Depth limitation: 60 cm for penetration of gamma rays is a limit, but 120 cm 
can be reached with X-rays 



- Only small surfaces can be sounded due to the limited size of sensitive film 

- The time of exposure is rather long (especially for gamma-rays) 

- Steel bars (cables or reinforcement bars) can mask the target 

- Important weight of the usual radiation sources can prevent the investigation of 
some parts of a structure 

- The use of radioactive source being hazardous, a safety area is required around 
the structure. It is sometimes impossible to restrain the access of the surroundings 

- The implementation of the technique is expensive if very large areas need to be 
sounded (especially with X-rays). For this reason, radiography is sometimes 
relegated for use in specific conditions only 

- The image does not provide any information about the depth of the de^u^^ 



The Rebound Flamjafer was developed in 1948 and patented in 1950 by Ernst 
Schmidt, a S wgg engineer. The device is based on the rebound principle, which is 
an indi£ato^of 1%^hardness of concrete. In the rebound hammer test, a spring 
loadeamassTl|^ a fixed amount of energy imparted to it by extending the impact 
spjjng to a fixed position, this is achieved by pressing the plunger against the 
surface omne concrete under test. Upon release, the mass impacts on the plunger, 
rebounos and the distance traveled by the mass expressed as a percentage of the 
initial extension of the spring, is called the rebound number. The rebound distance 
is measured on an arbitrary scale marked from 10 to 100 (Kolek, 1958, Carino, 
1974). Schmidt standardized the hammer blow by developing a spring-loaded 
hammer and devised a method to measure the rebound. Several models of the 
device were built (Greene, 1954) and patented, with further developments. 










12.1. Physical Principle and Theory 


The Rebound Hammer (Proceq, 2007a) is principally a surface hardness 
tester. With this instrument the user presses a plunger against the surface 
under test and a spring then releases a mass to impact on the plunger. 
Inside the instrument a spring provides a defined impact energy for each 
measurement. After the impact the mass rebounds a certain distance and 
this is shown on the scale by a pointer. Before removing the instrument 





Figure 1 . Sectional view of Concrete Test Hammer Model 


14.1 


14.2 




the hammer mass on 
de rod, the friction of the 
pf gravity during its travel, the 
echanical parts. The R value is 
nergy that is not absorbed by the 


The classic "R"-value is the mechanical 
rebound. It is affected by its frictioj%pn the g 
drag pointer on the scale, the infl 
relative velocity between unit 
measured as characteristic Qf^Hfie, 
material under test. 

Some years ago a dev|fop1i||^f led to a new instrument that combines innovative 
ideas with the ad va^A^J f the classical rebound hammer. The new instrument 
(Proceq, 2007b) jr^osm'es the velocity of the hammer mass immediately before 
and after the calculates the quotient Q (figure 2, Eq. 2). Based on the 

same physics the^rfeasurement is not affected by friction between hammer mass 
and guin^oaraad the one of the pointer and there is no need to compensate for the 
impact direction. Equation 2 explains how the rebound value R is calculated: 


Q = 100 - 


= 100- I 


J forward 


\Yr\ 


1 Yl™ 


= ioo-T* 


[ 2 ] 


where the rebound value Q is expressed as a function of the respective kinetic 
energies before (E forward ) and after (E ref i ected ) the impact. These two quantities 
















































depend on the mass m of the hammer and on the respective velocities immediately 
before (v 0 ) and after (v R ) the impact. 


An ergonomic housing accommodates the impact mechanism and the 
optical absolute velocity encoder that measures the velocity of the 
hammer mass. There are integrated electronics as well as the LCD that 
process the data and display the concrete strength plus all other 
information of the measurement series. The impact spring initiates an 
impact of the hammer mass on the plunger. According to the sp 
hardness of the concrete element the rebound velocity of the^ 
mass is lower or higher. * 




the surface 


12.2. Measuring Equipment and Handling 


<0 


The Rebound Hammer is a portable instrlimlwf that can easily be 
operated by one person. Inside the ^dindfWSlilousing there is the impact 
mechanism that activates the plunger which protrudes from the housing 
on the front end. The plunger has to be pressed perpendicularly against 
the surface of the test specirrrepriyia the pressure has to be increased 
until the hammer im|ycf| ^re ide the instrument the impact spring 
provides a constant Impact energy for each measurement, which is 2.207 
N.m for the normal (Type N) hammer. After the impact the mass 
rebounds a certain distance and this is shown on the scale by a pointer. 
Before rem<Mng the instrument from the concrete element the impact 
mechp|1isp|; can be locked by the locking button and the rebound value be 
read. The position of the pointer indicates rebound as a percentage of 
forward bSmnner travel. 


The instrument is immediately ready for the next measurement. The plunger can 
be placed on the desired measuring spot which according to the standards should 
be at least 25mm away from the previous one. The instrument is pressed towards 
the concrete surface. This unlocks the impact mechanism and the instrument 
housing is moved away from the structure under the force of the loading spring. 
At the end position the concrete test hammer is automatically loaded and ready for 
the next impact. Because of the influence of surface condition on test results, if the 
surface is too rough it should be smoothened with a grinding stone. 













For structures with low strength and wall thickness below 100mm the 
Model L with smaller impact energy was developed. The normal energy 
would damage the structure or the reading could be affected. The 
instrument is basically the same but the impact energy is only 0.635 N.m, 
i.e. one third of the one of the standard Model N. For both types there 
are also the versions NR and LR that register the readings as a graph on a 
paper roll. 


In modem versions of rebound hammer an electronic measuring unit has been 
added to help ensure proper test results which can be recorded for later reyi^or 
uploaded to a personal computer. The scale is replaced by a displacemeifflkensSr 
which measures the rebound value. Impact direction, carbonation d^pii be 
entered in addition to other options and the unit is capable df j^ii^t sj&tistical 
analysis as shown in figure 3. 



Fig. 3. Typical digital 


Fig. 4. Measurement with the new device 
developed (Q measurement) 



With the new dem^dQ measurement, figure 4), the measuring procedure is the 
same as with^i^emssic rebound hammer. The user can perform test series of a 
3erof impacts. Manual cancellation of obvious outliers is possible, 
vith the "one button" user interface is simple. To obtain a reading in 
(ipressive strength the user can select the desired unit, the length of the 
fthe averaging mode, carbonation depth (if applicable), conversion curve 
for concrete mixture and form factor. At the end of the series the instmment will 
display the average Q value converted to the desired concrete compressive 
strength unit. The instmment is suitable for testing a wide variety of concrete, 
mortar, rock on site as well as in the laboratory. It is handy for difficult to access 
or confined test areas (i.e. working overhead) and especially convenient for testing 
on tunnel linings as measurements are independent of impact direction. 





12.3. Calibration and Interpretation of Results 


An initial test series at the Swiss Federal Materials Testing and 
Experimental Institute (EMPA) was successful and application was made 
to patent the instrument world-wide. A correlation was developed 
between the compressive strength of standard cubes and rebound 
number. The first successful reports appeared in 1951. The new method 
of non-destructive concrete testing was acclaimed throughout the world. 
DIN 4240 was published in 1962 dealing with the SCHMIDT Hamm er a nd 
its use. 


However, as other investigators began to develop corrections between 
strength and rebound number, it became evident thatAhe^was not a 
unique relationship between strength and rebound number (Kolek, 1959). 
This lead to the often-stated recommendation tfaajt^porrelation should 
be developed using the same concrete and for|nfn^materials as used in 
construction. Without such a correlation^the rebound hammer is useful 
only for detecting gross change^yn concrete quality throughout a 
structure (Carino, 1994). The issues pf reliability of the rebound 
measurement and of calibration are key issues. 





The rebound number isgfirst very sensitive to the very local properties of 
concrete, i.e. to the fact that the impact occurs just above an aggregate or 
a volume of cement paste. Thus, a series of measurements must be 
performed in a Hmirararea around the same point, whose values are 
averaged sujs| as to obtain a representative value for R. For instance, 
ASTIVLC 805 reqlfres that 10 rebound numbers be taken for a test. 


TFRyirst correction corresponds to the direction of impact (horizontal, 
vertiSlnjp and down), for which the calibration curve (which expresses 
the estimated compressive strength as a function of rebound number) 
must be shifted, as shown on Figure 5. The test hammer symbols in the 
diagram indicate the impact direction and the respective conversion 
curve. In many countries cubes of 150x150x150mm are used as test 
specimens for which conversion curves are available as well. 














0 nders ((1)150, 


Fig. 5. Conversion curve for the average compressive strength measure^ or^Min 
H300mm). 

A common factor that influences the reading i^ljp^airbonation of the 
concrete which starts from the surface and penetrates into the structure. 
Rebound numbers on a carbonated surface can be as much as 50% higher 
than non-carbonated surfaces. Cor^ttion factors have been proposed by 
(Tanigawa et al, 1988) and in japanese and Chinese guidelines (AIJ, 1983, 
JGJ/T 23-2001), but their values^^^iry different and the more efficient 
way to compensate for this effect remains the calibration of the rebound 
values against the s t &engJ^LofV^e specimens taken from the structure. 


Many other factors have been recognized as influencing the rebound 
number, the most inflOent being (Evangelista et al, 2003): 



re condition, a dry surface giving higher values, 
rface texture, a smoother surface giving higher values than 


the type of aggregate. 


The influences of these factors are so great that it is very unlikely that a 
general calibration curve relating rebound hammer to strength, as 
provided by the equipment manufacturers, will be of any practical values, 
event by using a series of corrective coefficients. It is the reason why the 
EN 13791 has chosen a different approach for calibration: it gives a "basic 


















































































curve" linking the rebound number and the estimated strength and the 
calibration process consists in shifting this basic curve accordingly to the 
results given by comparing the values of rebound number and true core 
strength measured at a given number of points. This calibration method 
does not explain why one has to shift the curve but is able to account for 
the effect of any influential factor. 


On the innovative device which measures energy and gives a Q factor 
instead of R, the correlation between the Q value and the compressive 
strength of a concrete element is represented by another conversion 
curve which covers a large range of concrete strengths (from 10 MPa up 
to 100 MPa). The use of the device is easier because tfte^e|jgct of the 
direction of the test and that of the carbonatioo*depth can be 
automatically corrected. The issue of calibration is ho#e\^ the same. A 
more precise derived compressive strength can^^^ieved by creating 
site specific (custom) conversion curves. 


12.4. Reliability and Limitation of Results 

Owing to its simplicity, spe^d/al^J^v cost the rebound hammer is, by far, 
the most widely used iT^fijdetofuctive test device for concrete. Another 
main advantage of re^^n^Tfieasurement for strength estimation is that 
this technique has a more direct link with mechanical properties of 
concrete than most others. But this simplicity can be misleading and 
results sometimefln careless handling. For instance, manual corrections 
for impact direction can occasionally be "forgotten". Such omissions are 
Ie*. likely with the improved electronic concrete test, since such 
corriwlfns are made automatically, providing these have been switched 


on. 

















A periodic function test is indispensable, 
since concrete dust penetrates the 
instrument and can change the 
characteristics of the impact. A function test 
must be carried out on a calibrated test anvil 
Fig. 6 before and after important 
assignments. Every 1000 - 2000 test 
impacts, the instrument should be 
thoroughly cleaned and then checked on the 
test anvil. If the readings get smaller than 
the lower limit the mechanism of the 
hammer usually has to be cleaned which can 
be done by the user. If the readings persist 
to be too low the hammer needs re¬ 
calibration. This should be done by'^^Nij 
certified service centre in order to perform 
the calibration in the right way. 



The test anvil is standardized^^^L^04-2 
specifies the steel block^Witn a hardness of 
minimum 52 HRC, a'rffass of 16 ± 1 kg and a 
diameter of approximat^ # 150 mm. Typical 
R-values are 81 and 75 for L-type 

hammers, to^is +/-2R. Each anvil is 
calibrated with selected Master Equipment 
ajjd the cajibfation of Rebound hammers 
and anvils is traceable back to the Master 
Anvil. 




Fig. 6. Test anvil with hammer 
under test 


According to the European standard a minimum of 9 dm 2 of concrete surface with 
10 cm thickness is needed. The rebound hammer Model N can be used on surfaces 
of concrete elements of any direction that have a minimal thickness of 100mm and 
are fixed with the structure, or if the thickness is less the specimen must be rigidly 




supported or Model L must be used. Moreover, the temperature during the tests 
must be between 10 and 35°C. 


Statistical evaluations of test results should also be performed according to 
national specifications and requirements. 

The evaluation of concrete compressive strength using the rebound 
hammer gives in any case valuable information about the quality of 
concrete. Another application of this technique consists in the localization 
of the coring zone for optimizing the number of cores to be tested in a 
laboratory 
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However, there is a large variance in opinions as to the 
estimating the compressive strength. In any case, the 
increased by performing a proper calibration, such as to^edc^e the main 
causes of bias. The FHWA guide (FHWA, 1997) states that for a properly 
calibrated device, the accuracy is +/- 15 to 20 pewiiwor test specimens 
cast, cured and tested under laboratory^ conditions and that it is 
approximately +/- 30 to 40 percent for JiLplace compressive strength. 
Malhotra considers that the uncertainty is more probably +/- 25% in a 
structure (Malhotra and Carino, 20 



This variety of opinions is explained because experimental correlations 
and correlation curves iav<PW)| been established in a standard context. 
The type of concret^hape and size of reference specimens (cores taken 
from the structure or cumfs or cylinders from the laboratory) have widely 
varied. More oftj^n taroonation and moisture have not been controlled. It 
results a wid^variety of calibration curves, which are not strictly valid for 
extrap4latflk]i in a different context. It is the reason why another 
cglbratioTi approach is proposed by EN 13791, in which the exact 
corr TiQpj rh curve is not a priori known, but built on the basis of few 
additional destructive tests. 


One also must note that since the rebound number is indicative of the 
near-surface properties of concrete (about 3 centimeters), it may be not 
indicative of the bulk concrete in a structure. It is influenced by local 
properties (air voids, higher content in cement, carbonation, effect of 
formwork and curing conditions...). 










































12.5. Guidelines for Use and Standards 


The method is covered by several standard specifications including: 

• ASTM C 805, Standard test method for rebound number of hardened 
concrete, in: Annual book of ASTM standard, ASTM C805-85, Detroit, 
1994. 


• BS 1881 - Part 202 - Recommendations for surface hardness tests by 
the rebound hammer, BSI, UK 1986. 




• DIN 4240, Kugelschlagprufung von Beton mit dichtem 
Richtlinien fur die Anwendung, 4-1962. 

• EN 12504-2, Testing concrete in structures - Part 2. Non f^trmjdw testing 
- determination of rebound number, 2001. 

■'in, 

• EN 13791, Assessment of in-situ compressive streagl^nj structures and 
precast concrete, CEN, Brussels, 28p., 2007. 

• JGJ/T 23-2001, J 155-2001, Technical speculation for inspection of 
concrete compressive strength by reboun d^m ^^yiifjO 1 (in Chinese). 

Some guidelines are also available: 

• AIJ, Architectural Institute of Japan, Manual of nondestructive test 
methods for the evaluatiofl^cl^oricrete strength, p. 26, 1983 (in 
Japanese) 

• FHWA, Guide tj4nojj^d2™j£tive testing of concrete, FHWA-SA-97-105, 
USDOT, Washin^^)^997. 

• Malhotra V.M., jfcaoio N.J., Handbook on non destructive testing of 
concrete, CRf^rMs, 2004. 

Su 
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13. Pull-out testing 


This technique is the only not fully non destructive technique descripec^y^ 
this section. It was however considered useful to describe it brp&/%^ttce 
(a) it is of common practice in structural assessment and (<fc) it provides an 
output directly correlated with mechanical properties o^ concrete. Thus, 
this test can bring valuable information on the materi^^ftimtion, either 
used alone or in combination with other (non destruclfce) techniques. 


13.1. Physical principles and theory 



The fundamental principle behind jJRfl-out testing is that accurate 
estimation of the strength on-site cqnbe obtained, as the peak-force (the 
pull-out force) correlate a^frrawiy to the concrete compressive strength 
measured by standar^y^^^ror cubes in the laboratory. 

A metal insert is eit|er Jl6t into fresh concrete or installed into hardened 
concrete. When jS^mmate of the in-place strength is desired, the insert is 
pulled by np^rs m a jack reacting against a bearing ring. The pullout 
strenglfc i^tetemined by measuring the maximum force required to pull 
th^inseiwrom the concrete mass. Alternatively, the insert is loaded to a 
spe*£Moad to verify whether a minimum level of in-place strength has 
been attained. It is essential to ensure that the dimensions of the pull-out 
test shall be determined according to Fig.l. 















Fig.l General principles i^ili-out test to ASTM C 900-6 

The diameter of the insert head the basis for defining the test 

geometry. The insert head diameter f|hajf l)e greater than or equal to 2/3 of 
the nominal maximum size ofgagregate. A typical value is 25 mm. The 
thickness of the insert ^ea^fcrHWne yield strength of the metal shall be 
sufficient to prevenj^e*l^gji!u the insert during test. The sides of the 
insert head shall be smokthrThe length of the pullout insert shaft shall be 
such that the d k t a rog^om the insert head to the concrete surface (h) 
equals the diamlj^r jtf the insert head (di). The diameter of the insert shaft 
at the head^m) shall not exceed 0.60 d 2 . The counter pressure ring shall 
have ur^ms^^ diameter (ds) of 2.0 to 2.4 times the insert head diameter 
(jtand »all have an outside diameter (<&) of at least 1.25 times the inside 
dianffiter Usually diameter of such ring is assumed to be about 55 mm. 
The thickness of the ring (t) shall be at least 0.4 times the pullout insert 
head diameter. Finally, inserts are pulled out using a hydraulic pull 
machine reacting against a counter pressure ring and the force required to 
pull-out the insert is measured (Petersen, 1997, Petersen and Poulsen, 1993). 


Internal rupture during pull-out test is a multistage process where three 
different stages, each with different fracture mechanisms, can be observed. 




















In the first stage, at a level of about 30-40% of ultimate load, tensile 
cracking begins, starting from the notch formed by the upper edge of the 
insert’s head. These cracks run out in the concrete at pronounced open 
angle (figure 2). The total length of these first cracks is typically 15-20 
mm from the edge of the insert’s head. In the second stage of internal 
rupture a multitude of stable microcracks are formed in the above 
mentioned truncated zone. These cracks run from the top of the insert’s 
head to the bottom of the counter pressure ring. The formation of this 
second cracking pattern is similar to that of vertical microcracks inside a 
concrete cylinder or cubes during ordinary uniaxial compression test 


Finally, when the 
occurs. This forms 
the outside edge 
pressure ring, m 
responsible 
proa 





Fig.2. Schematic damage and cr; 


:tern during the pull-out test. 


? s ultimate value, third stage of rupture 
Ihear crack running all the way around from 
insert head to the inside edge of the counter 
the second microcracking stage of rupture is 
"directly correlated with the ultimate load in this testing 
in be accepted that pull-out force is directly proportional to 
fcssive strength of concrete (Krenchel, 1982, Krenchel and Shah, 
1983%Jrf5reover, it can be observed that the failure obtained in such test is 
caused by crushing of the concrete. This fracture mechanism has been also 
confirmed by nonlinear finite element analysis (Ottosen, 1981). 




There are two basic categories of pull-out tests: one which involves an 
insert having to be cast into the concrete and the other where the 
expanding ring insert is fixed into a drilled hole and undercut groove in the 
hardened concrete. 








The first procedure is mainly used to obtain a reliable estimation of the in-place 
strength of concrete in newly cast structures, with following main applications: 


■ determining whether in-place concrete strength is sufficient for early 
application of loads, such as due to formwork removal or application of 
prestressing. 

■ determining whether the in-place strength is sufficient for terminating 
curing and thermal protection. 


The second pull-out procedure, based on the post-installed inserts, has 
been developed for determining on site compressive strength of exiting 
concrete structures. In this case following practical application^^ 
considered: 


vO 

evaluation of the actual compressive strength in MiHp 
structures during technical surveys, * ***** 



verification of in-place strength when strength 
fails to meet acceptance criteria, 


testing of the residual strength of con* 
loading, 

r 9 ^™det 


of^iamap 
ngrefle elements 


M. 1S1 


concrete 


d-cured specimens 
prior to further 


quality control of the stmcture after < 


etion. 


. 

In the case of testin/nm^sed on the estimation of the in-place strength of 
concrete in newly i*i|t%iprctures special inserts (Fig.2) have to be casted into the 
fresh concrete. C%t-in-place inserts shall be made of metal that does not 
react with cmn^|k. The insert shall consist of a cylindrical head and a shaft 
to fix eS^bec»ent depth. The shaft shall be attached firmly to the center of 
thfeiead. Jhe insert shaft shall be threaded to the insert head so that it can 
be reSWved and replaced by a special bold relevant to pullout the insert. 
Such inserts can be installed as inserts nailed to formwork (Fig. 3 - type 1), as 
inserts attached to formwork cutouts (Fig.3 - type 2) or as floating inserts 
(Fig. 3 - type3). The inserts shall be embedded into the fresh concrete by 
means that ensure a uniform embedment depth and a plane surface 
perpendicular to the axis of the insert shaft. 











Load is applied through a manually operated hydraulic pull-mrfSIme 
loading rate must be uniform, so that the nominal norrmjks®^/on the 
assumed conical fracture surface increases at a rate of 70<^3(^fcPa/s. For a 
pullout test system in which d 2 = 25 mm and ch = him, the specified 
stress rate corresponds to a loading rate of appro^^^^y 0.5 + 0.2 kN/s. If 
the insert is to be tested to rupture of the copc lgte^ he test is carried on 
until rupture occurs. If the insert is to be tested only to a specified load to 
verify a minimum in-place strength,^e specified uniform rate is kept until 

|e specified load is maintained for 
^e is recorded and correlated to 
teneral calibration curve. 


the specified pullout load is reached 
at least 10 seconds. The pull- 
compressive strength by means fo^a. 


Application of pull 
needs different proo 
special staff of 
to the surface, oi 
in the hole t< 
inserted! 
ti 



e for testing existing concrete structures 
s m insert preparation. In the first stage, using 
, a 18.4 mm diameter hole is drilled perpendicular 
enforcement disturbance. Next a recess (slot) is routed 
of 25 mm and at a depth of 25 mm. A special split ring is 
the hole in the recess until it fits in the inside diameter of 
arfd expanded by means of a special expansion tool (Fig. 4). 


Finak^fLe insert is pulled out using a pull machine reacting against a counter 
pressure ring (Fig. 5). As a result of the measurements pull-out force is 
defined and similar procedure, as in the case of in place casted inserts, is 
applied for determining concrete in-situ compressive strength. 










Fig. 4. Ring expansion hardware 


Fig. 5. Applying the loading on the ins* 


nsexiu 


13.3. Guidelines, references and standards 


ASTM C900-06, Standard Test Method for Pullout Strength of Hardened 
Concrete. . 

ACI Committee 228, In-place Methods for Determination of Strength of 
Concrete, Technical Committee Document 228.1 R-03, American Concrete 
Institute, PO Box 19150, Detroit, Ml/f^^g, 2003, p. 44. 



Canadian Standard CSA A23.2, M^hpds of Test and Standard Practices for 
Concrete, Test Procedujp Mr iC - Evaluation of concrete strength in- 
place using the pullo4ttds1k i , 

EN 12504-3: 2005, Testing Concrete in Structures, Part 3: Determination 
of „Pull-out" Force. 


-vC* 

I. Calibratic 


13.4. Ccjlibration and interpretation of results 


Several investigations have shown that the pull-out measurements provides an 
accurate estimate of in-place strength because the peak pullout force has a well- 
defined correlation to compressive strength measured using standard cylinders 
(Fig. 6) or cubes (Fig. 7). 


More than 20 years of correlation experience from all over the world indicates 
close agreement, suggesting that one general correlation is applicable for all 








normal density concrete mixtures [(Bickley, 1982), (Carino, 1990), (Petersen and 
Poulsen, 1993), (Petersen, 1997)]. It is only for lightweight aggregate concrete and 
for mixes with maximum aggregate size larger than 40 mm that such relationships 
are not valid. 
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Fig.6. Some examples of calibration curves 
for cubes. 


i ration curves 


Fig.7. Some example^ 
for cylinders. 

As an example, two following calibration equation assumed as a relevant 

approximation of the curves shown with relatiomto\ube strength: 

/ c ,cub = 1.41 P - 2.82 for strength luder 50 MPa 


" 

/y\ 

aatiom •mb# 

iomtoVu 1 — 


/ Cf cub = 1.59 P - 9.52 for stre 



50 MPa 


The general correlations s|^)w^Kn F^ffire 8 is a more resent proposal of calibration 
suggested by (Carino, J|ft90^nd recommended by equipment producer, providing 
sufficient accuracy fojr’IU. nSrmal density concrete mixtures. It is however 
necessary to mentionMhatfproject specifications may require development of 
mixture specific Qprielcdions. 


































Fig. 8. General correlation curves proposed by ACI 
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13.5. Reliability and limitation of results 

JZs 

Inserts shall be located in those portions of%e structure that are critical in 
terms of exposure conditions and s^ictural requirements. When pull-out 
tests are used for other purposes, thpn™^ber of tests shall be determined 
by specification but at least 3 me yM ihents for one testing area. Pull-out 
test locations shall be sepamted so that the clear spacing between inserts is 
at least seven times Aa pl^ut insert head diameter. Clear spacing 
between the inserts a ^kh ewges of the concrete shall be at least 3.5 times 
the head diameter. Iiserlp^hall be placed so that reinforcement is outside 
the expected coirfSIl failure surface by more than one bar diameter, or the 
maximum size of Aggregate, whichever is greater. It is not allowed to 
perfop6 pjl^ouFfests for frozen concrete. 



griern^ indicates that pull-out strengths are of lower value and more 
variaDierfor manually-placed surface inserts than for inserts attached to 
formwork. In the case of post-installed inserts it is crucial to remove free¬ 
standing water from the hole at the completion of the drilling and 
undercutting operations. Protect the hole from ingress of additional water 
until completion of the test. Penetration of water into the failure zone could 
affect the measured pullout strength; therefore, water must be removed 

























from the hole immediately after drilling, grinding, and undercutting 
operations. 


For concretes with a maximum aggregate size of 38 mm, tested by means of pull¬ 
out method, with assumption that the confidence level is equal to 95 % and for 
an average of at least 4 tests, the estimated compressive strength based on the 
general correlations indicated is within ± 6 % of the strength measured from 
standard specimen tests (cylinders or cubes). The average coefficient of 
variation for individual result is about 8% for normal density concrete. 


If the range of tests results exceeds the acceptable range, 
investigation should be carried out. Abnormal test results could 
improper procedures or equipment malfunction. Tly user should 
investigate potential causes of outliers and disregard tho^e^k^esults for 
which reasons for the outlying results can be identified |pjHlively. If there 
are no obvious causes of the extreme values, it is ]M)baBte that there are 
real differences in concrete strength at differ^n^ tern locations. These 
differences could be due to variations in mMti^^p-oportions, degree of 
consolidation, or curing conditions. 
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1. Introduction - definition of the problem 


The finding that concrete strength in a structure was not correctly described by the 
strength of specimens moulded and stored under controlled standard conditions, 
led to the study of the relation between actual and potential strength of concrete. 
To avoid damaging the structure it became later necessary to develop non¬ 
destructive techniques to assess the in-situ concrete compressive strength. 


According to (Petersons, 1964), the first studies were performed in 1915 by 
Bemdt and Preuss (Germany), who compared the concrete strengths of moulded 
cubes and of cubes sawn from large concrete blocks. In the 1930s several authors, 
especially in the USA, reported experimental results obtained during the ex^l^m 
of concrete pavements, where cores were drilled to determine the con»£Ssrre 
strength and thickness of concrete and the results compared with thosi^^polided 
specimens. 

The first attempts made to assess concrete strength usipg ^^destructive 
techniques were, most likely, performed in Germany in lfB^pflles, 1962). The 
strength determination relied upon indentation methods, ^Uvhifcifthe diameter of 
the impression made by a metallic sphere having a givG^ii^tfl amount of kinetic 
energy was measured. The diameter and/or depfj^ofr the indentation were 
considered as being a measure of the concrete h^mSSfwhich, in turn, was and 
indicator of the compressive strength of eoi^^Je. Several indentation type 
methods were developed shortly after, i%nely the Testing Pistol by Williams, the 
Spring Hammer by Frank, and the Penddfl^aHammer by Einbeck (Malhotra and 
Carino, 2004), with the first results beirfcpmsented in 1936 by Williams. 

Nevertheless, the main increment rvm^use of these techniques was verified only 
after 1948, when Ernst ^cmmdt^^wiss engineer, developed the so called 
“Rebound Hammer” methAw™ was inspired in the Shore method used to 
determine the metals surage hardness. 

As the above methods ^se^ed only the condition of the concrete surface, new test 
methods were deVeh^ecmo evaluate the concrete below the surface, based on the 
determinatio ruaf ^ferelepth of penetration of probes (steel rods or pins) into 
concrete. Vds jH^rides a measure of the penetration resistance of the material, 
which T^moWdirect measure of its strength. The first results were published in 
1^4 (Voefcny, 1954), however it was only after the development, in 1965, of a 
de^ ^Jci^ wn as the Windsor probe, that this technique has registered a significant 
widespread, especially in the USA. 


Meanwhile, since the 1930s, several resonant frequency methods were being used 
in the laboratory to assess the concrete elasticity modulus, and later on the pulse 
velocity method was also adopted to assess the degradation and cracking of 
concrete. 











From the 1960s onwards, this method started to be used in-situ to estimate the 
concrete strength, and still on the same decade, combined methods have emerged. 
For instance, (Skramtaev and Leshchinsky, 1966) in Russia, and (Facaoaru, 1970) 
combined ultrasonic pulse velocity and hardness measurement techniques 
(rebound hammer) to improve the reliability and precision of the concrete strength 
estimation. 


Another way to improve the concrete strength estimations was achieved from 
1970 onwards, through the development of methods like pull-out test, pull-off test, 
internal fracture test and break-off test. All these techniques measure some type of 
strength, but they cause some damage to the concrete surface. By far, the most 
popular method has been the pull-out test, while the pull-off test has been used 
mainly to assess the adhesion between layers, mostly in repair works. 


Combining more than two non destructive techniques and analysing th#§l 
multivariate analysis or data fusion methodology, significant #mpi*)ve 
concrete strength estimation may still be obtained. /Ik 


. : . 


1.1.What is Looked For? 






The development of in-situ tests is linked perceived needs for 

assessing in-situ concrete quality. Determination of in-situ concrete 
strength has traditionally been performed for two reasons: 


Evaluation of an existij^^^^tire: There is a great deal of interest in 
in-situ testing of h^de ^^i oncrete. largely as a result of an increase 
in the number of concrete structures showing signs of deterioration. 
To investigate the nature and extent of the problem, and to ensure 
that new are built to appropriate standards, a range of in- 

situ test methods has continued to be developed and assessed in 
relation to materials developments, e.g. high strength concrete 
f^^^fHines, 1996). 

Monitoring strength development during new construction: In-situ 
tests are needed to determine the concrete strength at critical 
locations in a structure and at times when crucial construction 
operations are scheduled (ACI, 1995). Traditionally, some measure of 
the strength of the concrete in the structure has been obtained by 
using field-cured cubes or cylinders. These are supposedly cured on 
or in the structure under the same conditions as the concrete in the 


structure. However, measured strengths of field-cured specimens are 
often significantly different from in-situ strengths because it is 

















difficult, and often impossible, to have identical bleeding, 
compaction, and curing conditions for concrete in specimens and 
concrete in structures. Differences in internal temperature at early 
ages due to differences in volume may be especially important. Field 
cured specimens can also give rise to errors due to improper 
handling or inappropriate storage, which may result in misleading 
data for critical operations. To meet rapid construction schedules, 
form removal, application of post-tensioning, termination of curing, 
and the removal of props must be carried out as early and safely as is 
possible. The determination of in-place strength to enable 
operations to proceed safely at the earliest possible time 
the use of in-situ tests which have been established as reHi 
need for such strength information is emphasised by several 
construction failures [(Carino et al, 1983), (Lew, 1980)] which could 
have been prevented had in-place testing been used. The use of in- 
situ tests not only increases safety but can resu1*nn substantial 
savings in construction costs by permittingj^fee^rcited construction 
schedules. Guidance on formwork striopi M^ the basis of insitu 
tests has been given by (Harrison, 1987). 

In-situ testing has been shown, by recent construction projects, to offer 
the opportunity to lessen the reliance on the testing of standard-cured 
cubes or cylinders as the only m^T^ocKo judge acceptability of the 
concrete delivered to site. Tte benefit of in-situ testing is that it 

provides assurance tjMt Ligflmilied construction has the properties 
intended by the designe^Tms has been demonstrated by projects in 
Denmark and Caoyi|jla, jjpscribed below: 


The Greq 
It i 


-ink - Denmark (Petersen and Poulsen, 1993) 


ing recognised that the durability of exposed structures is 
erft strongly on the curing history. Therefore, it is desirable to 
assurance that the finished structure has the necessary 
properties to attain the desired level of performance. The Great Baelt 
Link project in Denmark is one of the first large-scale construction 
projects in which the owners relied on in-situ testing (pullout tests) to 
assess the acceptability of the concrete layer protecting the 
reinforcement. 

































• The Trinitv Sauare Head Office and The College Park Phase II Buildin 


Canada (Bickley, 1984) 

Bickley has reported on two demonstration projects where in-situ 
testing was used not only for early-age strength determination of 
horizontal elements but also for confirmation of the 28-day design 
strength. Permission to waive standard cylinder testing was obtained 
from the Building Official. Innovative clauses were included in the 
project specifications that defined the frequency of in-place tests and 
the procedures to follow in performing the tests and reporting the 
results. Acceptance of the concrete was based on the results o^Bullt^T 
tests performed on the structure at 28 days. Individual pvrfflkt tests 
were converted to compressive strengths based ori*ja'elkgtprmined 
strength relationships. The standard deviations of'these estimated 
strengths were computed and subsequently the e^e^pft percentages 
of strength below the characteristic strengtb^pere shown to be less 
than 10 percent. The in-situ test resyks%demonstrated that the 
concrete had acceptable strength. ,4 \ 


Another factor that has promoted interest in in-situ testing is the 
introduction of performance related specifications [(Sanja and Verikari, 


1996), (Concrete, 1995), (KrO| 
(RILEM TC-230, 2008), (Fib ' 
construction. The arAunent isi 


contractors and in bet 


(Carino, 1994). 


0 


Iropp apa Hilsdorf, 1995), (Harrison, 1996) 
3 TG8.10, 2011)], particularly in highway 
^ that the change will result in innovation by 
uality products with reduced life-cycle costs 


1.2. At WhafjBcale? 

The principal application of in-place tests is to estimate the compressive 
strength of the concrete. Most design codes, e.g. ACI 318 (ACI, 2005) and 
Eurocode 2 (BS EN, 2004) are based on the compressive strength of 
standard cylinders or standard cubes. Although in-place tests can be used: 
(a) during construction, so that operations that require a specific strength 
can be performed safely or curing procedures can be terminated, and (b) 
during the evaluation of existing structures, the significant characteristic 


































of most of these tests is that they do not directly measure the 
compressive strength of the concrete in the structure. Instead, they 
measure some other property that can be correlated to compressive 
strength. Thus, to evaluate structural capacity of an existing building or 
structural capacity under construction loading, it is necessary to have not 
only an estimate of the equivalent cylinder or cube strength but also an 
estimate of the characteristic strength of the concrete as it exists in the 
structure. If in-place tests are used then: (a) a valid relationship between 
the results of in-place tests and the compressive strength of cylind ej^ or 
cubes must be established, and (b) there must be an agreed stlfetiSf 
procedure to convert the estimated in-place cylinder or cube stn^gcn to 
characteristic strength. 

For example: 




a) Historically, most strength relationships have been assumed to be 

straight lines but ACI Committee 228 (ACI,4l9%@7 recommends a more 
rigorous analysis based on a power fflU^Jon. While the latter may 
yield more accurate strength predictions, it requires a lot more data 
points to be determined. This may * not be practical on site and 
therefore if such a relationsb«%j|© be used then the data must be 
from previous projects^ general'' correlation, like the one 

recommended by tlffc pH dL^ unc manufacturer (Petersen and Poulsen, 
1993) (see Chapt^^,"^^- pull-out technique), where the aggregates 
and mix proportions may differ from the specific mix to be used for 
the project 

b) While specifiLmbf correlations are likely to have between six and nine 
data poilfH the manufacturer's correlation will have a lot more data 
pointsxltea wider range of strengths. Both are important factors in 

jjnmg the best-fit line for a strength correlation which will be 
• the true one. 

Attempts to estimate the accuracy of the above methods for obtaining 


the strength relationship have been indirect. The direct method would 
require comparison of the estimated strength by the in-place test with 
the compressive strength obtained from cores. Cores, because of the 
large number required, are not an option especially for new construction. 
Thus the indirect method relies on the use of a combination of test 

















methods, e.g., maturity method together with pull-out tests (Soutsos et 
al, 2000), in order to obtain the strength estimates. Traditionally, some 
measure of the strength of the concrete in the structure has been 
obtained by using field-cured cylinders or cubes prepared and cured in 
accordance with ASTM C31/C31M (ASTM, 2003). These cylinders or cubes 
are cured on or in the structure under, as nearly as possible, the same 
conditions as the concrete in the structure. Cylinders or cubes are usually 
obtained from one batch of concrete while the in-place tests are usually 
carried out over the whole structural element, e.g., a concrete slab, 
may have required several deliveries of concrete. It is tf 
impossible, because of the variability of delivered concrete, to 
direct comparison between in-place tests and concrete oWdctMi is not 
therefore surprising that ACI Committee 228 has called for: "Additional 

A If 

fundamental research to improve the understanding of hmv in-place tests 
are related to concrete strength and how the tegf&resjjlts are affected by 
factors other than strength" (ACI, 2003). 


1.3. For What Purpose? 


procedi 


Sound and proven statj^ti<^fpnl&eedures should be used to interpret in- 
place tests. It is notj^tffi^nt^o simply average the values of the in-place 
test results and then corppute the equivalent compressive strength by 
means of the previously established relationship. It is necessary to 


account for the uncertainties that exist. In designing a structure to safely 
resist the expected loads, the engineer uses the specified compressive 
strengtlWcyl^d f cu for cylinders and cubes respectively. The strength of 
the concrete in a structure is variable and the specified or characteristic 
compressive strength is taken to be approximately the strength that is 
expected to be exceeded with about 90% and 95% probability, i.e. 10% 
(ACI 214R-02 (ACI, 2004) in the USA) and 5% (Design of Normal Concrete 
Mixes (Teychenne et al, 1988) in the UK) of tests are expected to fall 
below the specified strength). The statistical procedures for 
interpretation of non-destructive test results appear to differ in the way 
that they take into account the variability of the in-place strength. It has 



















been shown that the within-test variability of in-place test results is 
generally greater than for compressive test results. (Stone et al, 1986) 
showed that the differences in the "rigorous", "Danish" and "tolerance 
factor" methods could be as high as 40% when the in-place tests had high 
variability. It is not therefore surprising that ACI Committee 228 (ACI, 
2003) called for; " Experimental studies to compare the in-place specified 
or characteristic strength estimated by different statistical methods with 
the values obtained from many core tests. Only then can the reliability of 
the statistical methods be evaluated." 


The above described deficiencies have been impediments to wfcksj^£ad 
adoption of in-place tests. There is now a revived intere# jt ^i^al ionallv 
in these methods and in investigating whether improvements m concrete 
strength predictions can be achieved by a combinatiq^ of^ln-destructive 
test methods. 


2. Description of the Techniqijte: 

Key features of non-destructive test methods will be briefly described. 
Reviews of the history ancL^igical basis of these testing methods have 
been reported by other^^^^^[(Carino, 1994), (ACI, 1995), (Bungey and 
Millard, 1996), (Malhotra and Carino, 2004)]. Details of available 
equipment are giveriin CIRIA Technical Note 143 (Bungey, 1992). 


Several in situ tests can be used for compressive strength assessment. 
AmorWth^m, Rebound Hammer, Ultrasonic Pulse Velocity and Resistivity 
Methods have" been presented in the preceding chapter. The reader is 
im ^gj ty refer to this chapter where their basic principles, reliability and 
limitations have yet been discussed. The pull-out test has also been 
briefly presented in Chapter 2. Additional information is given here. 
Lastly, two other techniques, namely Penetration Resistance and Pull-off 
test will be presented in the following. 

































2.1. Penetration Resistance. 


The underlying principle of this test is that, for standard test conditions, 
the depth of penetration of a probe, see Figure 1, is inversely 
proportional to the compressive strength but in fact, no theoretical basis 
for this has been established. However, like the rebound hammer, this is a 
hardness tester and the probe penetration does relate to some property 
of the concrete below the surface. It has thus been possible to develop 
empirical correlations between strength properties and the penetration 
of the probe. 


ceirefully 


The driver, which is also shown in Figure 1, utilizes /a cljrefully 
standardized powder cartridge. This imparts a constant aml^unrof energy 
to the probe irrespective of firing orientation, and produces a velocity of 
183 m/s which does not vary by more than ±1%. The poWer level can be 
reduced when dealing with low strength concretes simply by locating the 
probe at a fixed position within the driver barrel: lightweight concrete 

special power cartridge and probe are also available. The driver is pressed 
firmly against a steel locating platemid on the surface of the concrete 
which releases a safety catch and p ^m^ ^firing when the trigger is pulled. 
After firing, the driver head an^r Lpcating plate are removed and any 
surface debris around the probe *ts scraped or brushed away to give a 
level surface. A flat-^gef'pjate is placed on this surface, and a steel cap 
screwed onto the priC^toenable the exposed length to be measured to 
the nearest 0.5 mm with a spring-loaded calibrated depth gauge. 

' 



Fig. 1. Penetration resistance probes and associated equipment 







Manufacturers of penetration resistance probes and associated 
equipment supply curves and tables relating the exposed length of the 
probe to the strength for concretes containing coarse aggregates with 
various values of hardness. However, the manufacturers' tables do not 
always give satisfactory results. Therefore, it is recommended that the 
relationship between strength and depth of penetration is established by 
experiments for the particular concrete which is to be investigated. 


The result is likely to represent the concrete at a depth of 25-75 mm 
from the surface rather than just the property of the surface layer as in 
the surface hardness test. The test however leaves an 8 mm 
concrete and may even fracture the area around # t^ A^of nt of 
penetration. The test has been reported to be efficient^ r^jtetermining 
the formwork removal time and as a substitute for c^e*f3:ing. (Swamy 
and Al-Hamed, 1984) reported that penetration iwpmfge can be used to 
estimate the early age compressive strength better than small diameter 
cores. The test procedure is described in ASTM C 803 (ASTM, 2003) and 
in BS 1881: Part 207 (BS, 1992). 




2.2. Pull-out Test 


The pull-out test is based onrfhe concept that the compressive strength of 
concrete is related to the maximum pull-out force which can be applied 
to an embedded insert before the concrete fails. There are two basic 
categories o^^^out test: one which involves an insert having to be cast 
into the concrete and the other where the insert is introduced into a 


drilled hole 


in the hardened concrete. 


The first published reports of these types of tests were in the USA and 
USSR in the late 1930's. These early tests were however not popular 
because they were quite cumbersome and unrefined. It was not until 
some thirty years later that practical feasible versions of these tests were 
developed. The two main parties involved in these developments were in 
Canada and Denmark. The principal difference was in the shape of the 




















































inserts and the loading technique used. In both cases however a cone of 
concrete was 'pulled out' and the force required to achieve this was 
translated to compressive strength by the use of an empirical calibration 
curve. 


2.2.1. Pull-out with inserts cast into the concrete. 


The fundamental principle behind this test is to measure the tensile force 
required to 'pull-out' a metal insert which has been cast into the 
concrete. Load is applied through a manually operated jack which Dears 
against the concrete surface through a reaction ring of^5 mm ilternal 


diameter. There are two main types of insert, one 
directly to the formwork and another which is fixed 
cup which 'floats' on the top surface of the concrete f 

4' r 


Both types of insert can be seen in Figure 2. 



attached 
buoyancy 
on slabs. 




Disc 


(b) 








(d) 


(c) 


Fig. 2. Pull-out inserts: (a) L-40 (0-50kN) (b) L-41 (0-110kN) (c) L-42 attachefftiaro^y/l/ooden shutter 
port hole and (d) L-49 floating type. ^ 

The basic geometry of both inserts is the same^Aa each has a 25 mm 
diameter disc attached to a removable sterawiicn locates the disc 25 mm 
below the concrete surface, see Figure 2. Tnereare two different strength 
classes of insert available, 0-50 kN and 0 - 110 kN. The main difference 
between these two is the thicknes^f the disc (approximately 8 mm for 
the 0 - 50 kN inserts and 16 m ^Tg r the 0 -110 kN inserts). To prevent 
the disc rotating when^h^Sjgm is being removed a 15 mm chamfer is 
formed on one side u^fche disc, see Figure 2. 

described at the relevant section in Chapter 2, as 
tion curve to estimate the concrete compression 
recorded during the test. 



The testing proq 
the use of a 
strength fiMm 


ll-out with an expanding ring inserted into an undercut 


The pull-out with an expanding ring, see Figure 3, inserted into an 
undercut groove was developed for situations where testing cannot be 
pre-planned. The basic geometry of the pull-out test described in Section 
2.3.1 has been maintained. The procedure consists of drilling a 45 mm 
















deep, 18 mm diameter core hole, after which a 25 mm diameter groove is 
cut at a depth of 25 mm using a portable reaming machine. The 
expanding ring insert is then placed and expanded into the groove using a 
pull-bolt assembly, see Figure 4. The conventional pull-out test jack is 
then used as previously described but testing must continue until the 
cone of concrete has been removed to allow retrieval of the pull-bolt 
assembly. The expandable ring can be recovered and re-compressed for 
re-use if required although this procedure may not always be successful. 
The cube compressive strength is estimated using an empirical correj 
chart similar to that used with the other type of insert. 

25 mm 


irrekjjpn 


Fig. 3. Basic georr 
groo 


l-out test with an expanding ring inserted into an undercut 
://www.germann.org/Articles/download files). 

























Fig. 4. Equipment needed for undercut groove (after Teychenne et al, 


2.3. Pull-off Test. 


The collapse of roofs made of prestressed High Al^ri igaj/ ement (HAC) in 1973- 
1974 in the UK resulted in a ban on the use of^ATTm structural applications 
(Midgley, 1990). All buildings in which ffSfclJbad been used came under 



suspicion as it was gradually accepted 
C 3 AH 6 at temperatures above 20°C co 
As a result, there was an immediai 
existing structures made from 
need for an in-situ test t] 
investigation but woulj 
strength. A new genel 


fhe conversion of CAHi 0 and C 2 AH 8 to 
.e loss of strength (Neville, 1963). 
gey lor evaluating the conditions of the 
ading to an increasing awareness of the 
not seriously weaken members under 
lwgal|pable estimate of the concrete’s compressive 
nclkpests was thus developed and amongst them was 





ouding was initially applied via a universal testing 
tut in order to permit in-situ testing, portable hydraulic 


pull-off test (Long, 
machine in the laboj 
equipment was dwoXoned. Further developments included a digital readout. This 
mechanical sprtgm w*4s purposely designed for ease of use on site (Long and 
Murray 19M)- f%hre 5 shows a currently available pull-off test equipment. 


' method involves bonding a circular steel probe to the surface of the 
conci^^pjy means of an epoxy resin adhesive. Slowly increasing tensile force is 
then applied to the probe and, as the tensile strength of the bond is greater than 
that of concrete, the latter will eventually fail in tension. The amount of overbreak 
is usually small so the area of failure can be taken as being equal to that of the 
probe. To avoid overbreak, partial coring may be performed (see § 3.1.4). A 
nominal tensile strength for the concrete can be obtained by dividing the force 
applied by the area of the probe. The test is covered by EN 1542, developed for 
measuring the bond strength of repair products. 




















3. Calibration Aspects and As 
compressive strength. 


Characteristic In-situ 


3.1 Calibration 

The objective of an/iff^ad^test is to obtain an estimate of the properties of 
concrete in the struct: ire .jvery often the desired property is the compressive 
strength. To mata^ystrength estimation it is thus necessary to have a known 
relationship bj^ ML^ fe result of the in-place test and the strength of the concrete 
for the narti^ulaS^Dncrete mix concerned. The usual practice in determining the 
strength relai. unship is to treat the average values of the replicate air-cured cube 
cmtoressme strength and in-place test results at each strength level as one data 
palimrhe^ata pairs are plotted using the in-place test value as the independent 
value %frX variable) and the compressive strength as the dependent value (or Y 
variable). Regression analysis is performed on the data pairs to obtain the best-fit 
estimate of the strength relationship. 



Most part of the information discussed in this section originates in a large 
experimental program, namely the Cardington project, developed in the 
1980s in the UK. However calibration issue shares many points in 







common independently of the non destructive technique used. These 
points will be addressed in the following. They are: 


the factors that can affect the correlation. These factors can 
originate from the material, e.g. concrete components, from the 
environment, e.g. temperature or humidity or from the testing 
procedure; 

the statistical relevance of the correlation and the possibility to use it 
in order to estimate the strength of a similar or a different concrete; 


the use of these correlations for estimating "low property 
characteristic strength). 


es" (e.g. 


Calibration aspects of the following non-destructive tesft^fl^jp'briefly 
described here for: (1) Rebound Hammer, (2) PenetratLdVRe^rStance, (3) 
Pull-out test, (4) Pull-off test, (5) Ultrasonic j^fhsetj^elocity (UPV) 
measurements, and (6) Resistivity Methods. 


P#s” 

yV 


J 


3.1.1 Rebound Hammer. 


The correlation between the Q value provided by the test and the 
compressive strength of l$6@CTete element is represented by a 
conversion curve (s^e § 12). Conversion curves are available 

for a wide range of/€wipi?ssive concrete strengths, including low and 
high strength concret^f < 10 MPa and up to 110 MPa. Depending on the 
range of compfe^sive strength under test, it is advantageous to use 
variou$-coia/Dir\tKans of hammer type and plunger. 



aversion curves for different types of modern concrete may also be 
preset in modern digital rebound hammer equipment. The new 
equipment has a differential optical absolute velocity encoder 
guaranteeing high accuracy in measurements. Measurements are not 
affected by impact direction and therefore there is no need for any 
correction to be applied. 
















A large variety of conversion curves have been proposed by researchers 
and manufacturers, e.g. 

f c = 1.398 Q- 20.17 



where Q is the rebound number and f c the strength of a concrete 
between 14 and 56 days old [Proceq, 2007]. 

In the lower range of compressive strengths up to approximately 40 MPa, 
the mushroom plungers exhibit a conversion curve with a lower j 
when compared to those of the standard plungers. This yields 
prediction for the compressive strength based on the measure 
Further to this, the variation of the measured values when 

compared to the standard plunger. The standard plung^C^nXause some 
damage to the test surface when used on low strength^oncrete up to 
approximately 10 MPa. This in turn led to gfcaXqr variation of the 
measured values on a particular concrete and also on measurements 
between different concretes. The mushro^^raunger should not however 
be used for concrete strengths above 40 MPa as it is not possible to 
ensure sufficient accuracy in street npgtimates. The standard plunger 
should be used above 40 MPa. 

Accuracy of compresfl> x ngth estimates can be improved by 
establishing a speejig. Inversion curve for the concrete under 
investigation. The sba|^ of the relationship between Q and strength 
depends on thje^ authors. It can be linear or bilinear, exponential, 
polynomial er law. 




M^istur§\cofaition type of aggregate and carbonation depth of the 
materiaycan affect the strength estimate [Kim et al, 2006] and some 
standards (e.g. Chinese standards JGJ/T 23-2001) offer recommendations 
for compensating these effects. 

















3.1.2 Penetration Resistance. 



Empirical relationships between penetration and strength are required. 
Calibration is hampered by the minimum edge distance requirement 
which prevents splitting. Although it may be possible to use standard 150 
mm cubes or cylinders for tests at low power, the specimens must be 
securely held during the test. A holding jig for cylinders is available and 
cubes are most conveniently clamped in a compression-testing machine, 
although no data concerning the influence of applied comprej 
strength are available. It is recommended that groups of at Ij 
specimens from the same batch are used, with three/flfcte 
compression and three each with one probe test, fr^j %§/results 
averaged to produce one point on the calibration graph. 

Where the cube strength of the concrete is gr^arej|tjian 26 MPa it is 
necessary to use a combination of cubes or cylinders for compressive 
testing and larger slab or beam speci m^s \from the same batch for 
probing. Relationships between penetration and strength for the two 
different power levels are not easily rented, and it is therefore necessary 
to produce calibration charts fo r jea«Le xperimentallv. 


Calibration tables in 
variable influencin 
from manufacturers 
type and its am 



aggregate hardness is taken as the only 
letration/strength relationship are available 
^/er, these appear to ignore that the aggregate 
also have a large influence. Use of calibration 
tables that aret>asefl on crushed rock may give an overestimate of the 
compressive stPIngth of concretes with rounded gravel as the aggregate. 



"Potest is not greatly affected by operator technique, although verticality 
of tM bolt relative to the surface is obviously important and a safety 
device in the driver prevents firing if alignment is poor. It is claimed that 
an average coefficient of variation for a series of groups of three readings 
on similar concrete of the order of 5% may be expected, and that a 
correlation coefficient of greater than 0.98 can be achieved for a linear 
calibration relationship for a single mix. 95% limits of about ±20% on 




predicted strengths may be possible for a single set of three probes, given 
adequate calibration charts. 


3.1.3 Pull-out test 


Historically, most strength relationships have been assumed to be straight lines, 
and ordinary least-squares analysis has been used to estimate the corresponding 
slopes and intercepts. Figure 6 shows that the Y intercepts and the slopes of the 
strength correlations vary considerably. The data used in Figure 6 are from work 
undertaken as part of the European in-situ concrete frame building project which 
was located in a large airship hangar at Cardington in the UK (Bungcv et m, 
2000). This facility was operated as a laboratory by Buildin^fce^p^rch 
Establishment Ltd (BRE). The full scale seven-storey in-situ adtunc jy rej nforced 
concrete building frame, designed to Eurocode 2 by Buro Happoic encompassed 
a range of different mixes (w/c between 0.25 and 0.52), inc^^WJigh strength 
concretes (28-day compressive strength between 47.2 i| JlhcrQ|fc.8 MPa) and 
advanced construction techniques. 




Fig. 6. Lok test strength correlations (after Bungey et al, 2000) 


It must be noted that the manufacturer of one pull-out type of equipment 
recommends (Petersen, 1997) two different relationships for Lok force 
readings according to the ultimate load value: 




f c = -2.82 +1.41 F u if F u < 37 kN and 
f c = - 9.52 + 1.59 F u if 37 kN < F u < 70 kN 


where F u is the Lok force (kN) and f c is the air-cured concrete cube 
compressive strength (MPa). 

The difference in the slopes of strength correlations of normal and high 
strength concrete mixes have been the subject of further investig^Atin. 
Figure 7 shows the possible errors in intercept and slope of the wst nt 
lines determined using the least squares method for a norma^^aamigh 
strength concrete. It is seen, especially in the case of th@wpKtrength 
concrete, that the envelope of possible best-fit lines almost encompasses 
the general correlation for all mixes. The manufa/turefw the Lok test 
jack has indicated that, in addition to the numb^bfjrata points, a wide 
range of values, i.e. from as low as possible t| aMrigh as possible, is also 
an important factor in determining th^^^t-fit line for a strength 
correlation which will be very close to the true line. In this case, the 
possible errors in intercept and slope vffll be very small. Therefore the 
accuracy of the strength predicri^s/feither side of the average of all Lok 


























Fig. 7. The possible errors in intercept and slope of the best fi/Ur] 
squares method for a normal and a higfpltrl 


ormined using the least 
oncrete. 


In order to get a wide range of \|alues, al^he data points from the 
different mixes were grouped toget!>m/These were only sufficient for a 
single equation to be determin edJ(m ±he whole range of Lok force values. 
The equation of the combined w^ngth correlation, based on air-cured 
cube compressive strengths? mas found to be: 

f c = - 4.71 + 1.59 1 


The linear regressi6rT*aquation obtained when all mixes were grouped 
together is ver' close to the Manufacturer's Correlation (Petersen, 1997), 
see which has been derived from a wide range of concrete mixes 

gravel, limestone and granite aggregates. This line crosses the 
MarN||p^urer's recommended correlation at a Lok force of 10.5 kN but 
because of its different slope it results in an estimated in-situ strength 
which is higher by 4.8 MPa at a Lok force of 37 kN. Beyond this Lok force, 
the Manufacturer's recommended correlation has the same slope. 



ACI Committee 228 [ACI, 2003] recommends a more rigorous analysis 
based on the regression analysis of the average of the natural logarithms 
of the test results at each strength level. For a linear relationship, the 
equation is as follows: 


In C = a + P In I 


where In C is the average of natural logarithms of compressive strengths 
and In I is the average of natural logarithms of in-place test rpi^^The 
above equation can be transformed into a power function* | 


:e“l p 


V 


This not only allows for a non-linear ^trlfcph relationship, if such a 
relationship is needed, but it also satisfies one of the underlying 
assumptions of the ordinary least squares method of analysis (constant 
error in the Y value). It is J^^r^y accepted that the within-test 
variability of standard c^lind ^^ ^be compression tests is described by 
a constant coefficie^^c^yariation. Therefore, the standard deviation 
increases with increasing compressive strength. It follows that by taking 
the natural log^fithnferof groups of test results, which have the same 
coefficient ot^ariation, the standard deviations of the logarithm values in 
each tf'oyt? will have the same value. The calculations for this more 
rigorous procedure are outlined in the ACI Committee 228 report (ACI, 
2003). 


The relationship obtained with the above procedure is shown in Figure 8. 
There is a surprising similarity between the power function and the linear 
regression equations obtained for strengths in the range 5 to 40 MPa. It is 
only above the compressive strength of 40 MPa that the two correlations 
appear to deviate from each other resulting in a difference of 12 MPa at 
the Lok force of 60kN. The linear correlation gives the lower value of 90 







MPa compared to 102 MPa estimated by the power function. (Price and 
Hynes, 1996) have suggested that (a) pull-out tests become less sensitive 
to changes in compressive strength at high strength levels, and (b) 
strength correlations obtained for high strength concretes show 
increasing divergence from the manufacturer's recommended correlation 
at higher strength levels. Several series of tests were subsequently carried 
out by undergraduate and postgraduate student at the University of 
Liverpool [(Teng, 1999), (Kouris, 2001), (Papadopoulou, 2003), (Lim, 



the individual mixes with various average mean strengths (AMS) at 28- 
days. The manufacturer's recommended correlation appears to be below 
the correlation obtained for strengths greater than 70 MPa, i.e. it 
underestimates/gives safe estimates of the in-situ concrete strength. 
Power function regression analysis of all the data obtained by the 
postgraduate students, see Figure 10, show clearly the divergence at 



higher strength levels from the manufacturer's recommended 
correlation. The correlation for specimens cast and tested in the 
laboratory also shows surprisingly good agreement with the one obtained 
from the Cardington mixes. Based on these studies it was felt that the 
power function relationship was the more appropriate one to use for the 
whole range of mixes used for the European Reinforced Concrete Building 
project. 


The wisdom of assuming that all the data obtained from the different 
mixes belong to one population, to give a strength relationsMJ^npi is 
close to the true one, can only be tested in the context fff|hi overall in- 
situ strength estimates. The strength correlations det^fiiio^Kpreviously 
have been used to estimate the in-situ strengths bajgre c^/ieasurements 
on the structure. These are compared to strep§^s^Dbtained from air- 
cured and temperature matched cured cubes^aMifflrent ages. 



Measured Lok Force (kN) 


Fig. 9. Pull-out test strength correlations determined for granite concretes (after [(Teng, 1999), 
(Kouris, 2001), (Papadopoulou, 2003), (Lim, 2001)]) 
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Fig. 10. Power function pull-out test strength correlations^( eN 

(Papadopoulou, 2003), (J | ^J^01)]) 


eng, 1999), (Kouris, 2001), 


The in-situ strengths should idedfjj^l 


■ rela 


temperature matched cur 
eq 


_ # _elated to strengths obtained from 

ulljifsee Figure 11. The average coefficient 
e was found to be 13.9%. Unfortunately, 
ssible for the C37 mixes, as no temperature 
r the C85 concretes were available for testing. 


of variation from thij 
this comparison was> 
matched cured cub^ ^ 

Although temperature matched cured cubes, using sensors located in the 
middle of the pojur, should have the same temperature curing regime as 
that of the concrete in the structural element, there may be differences in 
tfnfccompaction which can still lead to differences in strengths, e.g., the 
avera^ifaifference found between the top and soffit strengths of slabs at 
mid-bays was 13.6 %, the highest compressive strength being at the soffit. 
(Murray and Long, 1987) have reported similar coefficients of variation of 
strengths within individual structural members for a car park. It is not 
therefore surprising that the in-situ strengths have an average coefficient 
of variation of 13.9% from the equality line. 




10 20 30 40 50 

Temp. Matched Cube Compressive Strer1glt | (iy iPa) 

cy 

Fig. 11. In-situ strength (pull-out) versus Temper^iw^a^hed Cube results. 

Figure 12 shows the estimated strengths for columns and slabs, versus 
the measured compressive strengths obtained from air-cured companion 
cubes. The general trend is that ^arhyliage strengths are higher in the 
structural element, while the 'Zb-Jay Strengths are lower than those of 
cubes cured alongside yie^rfulfc^. This is due to the difference in the 
temperature curing rMirvte of the concretes in a structural element and in 
air-cured cube mou!us^He effect of subjecting concrete to a high 
temperature regime during its early life is to accelerate the early strength 
gain of the conf^^but to impair the long term strength development. 
The peak temperatures in the column and in the air-cured cube for the 
C85MS concrete were 41 C and 16 C respectively. Similar trends were 
ined for the other mixes but the temperature differences were 
smallCTTe.g., for the C37N-10 the peak temperatures were 24 C and 14 C 
in the column and in the air-cured cube, respectively. The ambient 
temperature was approximately 8 C in the first few days after casting of 
the C85MS and C37N-10 concretes. 



Equality 

Line 



r., i 

0 10 20 30 40 50 60 70 80 90 10#Tl0 12 

Air-Cured Cube Compressive Strength (MPa) 

Fig. 12. In-situ strength (pull-out) versus Air-Cu^^^)be Strength. 



Grouping mixes might offer better strength predictions from the limited 
number of in-situ test results as th%conf?8ence interval for an estimate is 
affected by the number of JpiQts used to establish the strength 
relationship. The relajjve of the confidence interval reduces 

exponentially as tblWiTu. ^ber of test points is increased, e.g., the 
reduction is significant v^h every additional test point up to a total of six 
to nine points. Ilian nine tests would probably not be economical 

(ACI, 2003). The mrrfber of test points intended for use on the Cardington 
Project w?: atl^s 1, 3, 7, 14 and 28-days. This was cut down to four test 
points becaute of the non-availability of companion cubes for testing at 
fSlkys^tie number was, for at least one mix (C85MK), further reduced 
to three because of the non-availability, at the start of the project, of the 
necessary Lok-test accessories to test high strength concrete inserts. 


The strength correlation for all mixes combined had a 95% confidence 
interval of ±4 MPa at the average concrete compressive strength of 43 
MPa. It must be noted that the confidence statement applies to the line 



as a whole, and therefore it is expected that the confidence interval for y 
corresponding to all the chosen x values will simultaneously be correct 
95% of the time that the calibration is repeated (i.e. take a sample of the 
same size and determine the respective confidence interval). A 
confidence interval for a point on the line, i.e. a confidence interval for y' 
(the true value of y and the mean value of Y) corresponding to a single 
value of x = x', will be smaller. The wider interval is the "price" paid for 
making joint statements about y for any number of or all of the x values, 
rather than the y for a single x. It must be noted that the confidence 
interval increases on both sides of the 43 MPa concrete comprc 
strength (the average of all the strengths used to obtain t 
correlation), see Figure 13. 
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confidence interval for the whole range of strengths considered for the strength 
correlation 


According to (Stone et al, 1986) and (Stone and Reeve, 1986), the 
ordinary least squares method will underestimate the uncertainty of the 
strength relationship since it is based on the assumption that (a) there is 
no error in the average value of in-situ tests (X value); yet these, with the 



exception of maturity indices, generally have greater within-test 
variability than compression tests (Y value), and (b) the error (standard 
deviation) in the Y value is constant; yet the standard deviation increases 
with increasing compressive strength. 


The more rigorous method is more complex and requires an electronic spreadsheet 
or computer program for practical implementation. The values obtained from the 
correlation tests, i.e. Lok tests and cube compressive strengths, are used to 
compute the lower confidence limit (Y\ ow , i.e. the desired confidence level has 
been taken to be 95%) of any estimates to be undertaken with the use of this 
correlation. This has been computed using error of fit given by Ma^gl’s 
procedure (Mandel, 1984), the standard deviation of the estimated ygjue^%f 
compressive strength given by the procedure recommended by (Ston^a^meve, 
1986), and the Student t-value for m (the number of replicate I^>k t«ts) <Sbtained 
from (Natrella, 1963). The lower confidence limit for the ^itera^l^eoncrete 
strength is then obtained from the equation (ACI, 2003): 

Ylow = Y - (t m _i a S Y ) jsJh 

where Y| 0W is the lower confidence limit at 95% i 
the Student t-value for m-1 degrees of freedom 
and m is the number of replicate Lok tests. 



idfhce level, t m _i #a s Y is 
95% confidence level 


Since the data for this research rfogfepn have been analyzed using a 
power function, a comparisoi>**™^he strength correlation used to 
obtain them is appropriates^^igure 14. Despite the finding that the 
95% confidence limiUs"2AMwat 100 MPa, it is encouraging that at low 
strengths the strength relationship and the 95% confidence limit lines 
converge. Early stripping of flat slab formwork for this project required a 
target mean strength of 19 MPa and for this the 95% confidence limit is 
3.5 MP 















According to BS1881: Testing ConcreJ^, Part 201: Guide to the use of non¬ 
destructive methods of test for hardened concrete [BS, 1986]: "Estimated 
compressive strengths from mMqgt tests are unlikely to have 95% 
confidence limits of better thafr±20% of the mean when a general 
calibration is used o^^L^^/vhen a specially prepared calibration for the 
aggregate type in usi vilable." 




The r^sulif ffthe Cardington project reconfirm that the 95% 
is around ±20% of the mean when a general power 
Eorrelation is used. Values for a wide range of concrete 
s, e.g., from 0 to 120 MPa are required to determine a power 
function correlation. Therefore specially prepared correlations for the 
type of concrete available for a specific project will have to be based on 
correlations obtained by linear regression. 


streng ; 




3.1.4 Pull-off test 


Several factors affecting the compressive strength/pull-off correlation and 
these will be described next. 


Effect of the modulus of concrete: (Bungey and Madandoust, 1992), 
based on a finite element analysis, concluded that high stress 
concentrations may occur below the central region of the disc in 
concretes with high elastic modulus. Figure 15 shows that the 
compressive strength/pull-off correlation is dependent on the 
type used and thus on the modulus of the resulting concrete^ 
failure is expected to be at a lower applied load as the^noc) 
concrete increases. 




greater uniformity of interface stresses. Figure 16 shows that the steel 
and the aluminium discs provide similar results when their thickness is 30 
mm. (Bungey and Madandoust, 1992) concluded that in order to achieve 
a fairly uniform stress in the concrete, the disc needed to be at least 20 
mm thick for steel and 30 mm for aluminium. This factor may however be 
less critical when testing the adhesion of repair materials since the stress 



will be distributed through the depth of repair material, giving a more 
uniform stress distribution at the interface [(Cleland and Long, 1997), 
(Austin et al, 1995)]. EN 1542:1999 specifies a disc "with a diameter of 50 
± 0.5 mm and with a thickness of at least 20 mm if made of steel, or with 
a thickness of at least 30 mm if made of aluminium" (EN, 1999). BS 1881- 
207:1992 requires that the thickness of the disc should not be less than 
40% of its diameter. This ratio should be increased to 60% when using an 
aluminium disc (BS, 1992). 



Fig. 16. EfffcjWbt ' 


fsc material and thickness 


Effect of the depth of^ai^^:oring: It has been well established that the 
failure load of a partiallvwSred test is lower than that for a surface test in 
the same spec^^n. However, as shown in Fig. 17a, when 20 mm 
aluminium discs used, the reduction did not vary beyond depths of 
20mm (48 ^<4knilaff trend has also been observed from the HAC concrete 
(Me Connb, 1983). While the 25 mm thick steel discs (as shown in Figure 
17b; a i y^wsed (Cleland and Long, 1997), for core depth of 5 mm or more, 
the failure load was found to be independent of core depth. 
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Fig. 17. Effect of the depth of partial coring: 

(a-left) 20mm-thick aluminium discs, (b-right) 25mm-thick steel disc 

The theoretical stress analyses investigation carried outl^ (Snogey and 
Madandoust, 1992) also suggested that when the ctetttbVf coring is 
beyond 20 mm, comparable results can be obtainedrffre^pective the disc 
materials. Nonetheless, if 30 mm thick discs are,u»dV<5mparable results 
can be obtained at even smaller coring de l^g s/irrespective of disc 
materials. In the BS 1881-207:1992 (BS, 1992) for testing the surface 
strength of concrete, the depth e^aartial coring is not specified. For 
testing repair overlays, (Cleland and Long, 1997) considered that the 
effect of the depth of partial cortWgw^ess relevant since failure is usually 
occurred at the interface4ten^p/ the repair and the base concrete, 
rather at the base ofth^ofci In the current EN 1542:1999, it requires 
that the partial coring Ibouw "drill through the repair product or system 
to a depth of (15+5) mm into the concrete substrate" (EN, 1999). 



Effect of the moisture condition: It has been found that the effect of the 
moisture condition of the concrete at which the test is carried out is 
irj^nificant. The only effect is on the strength development of adhesive. 
However, the use of a recently available adhesive has removed this effect, 
enabling probes to be bonded to wet concrete. As a result, the pull-off 
test also can be used to test in-situ strength of concrete at an early age 
(Long and Murray, 1981). 


Effect of the loading rate: BS 1881-207:1992 (BS, 1992) specifies a 
loading rate of 0.05 ± 0.03 MPa.s' 1 , while EN 1542:1999 (EN, 1999) 
requires that the loading rate should not be greater than 1 MPa.s 1 . 



However, there is no evidence that this is a particularly critical factor. The 
above rate can be achieved easily using the equipment in which the rate 
is determined by the speed of cranking a handle. 


Effect of the core perpendicularity: For partial coring test, the inaccuracy 
in coring may cause eccentricity as shown in Figure 18 and consequently 
the measured pull-off bond strength is reduced (Figure 19, from (Cleland 
and Long, 1997)). However, for small values of a, the ratio of the failure 



mL^ig. 18. Causes of eccentricity from coring. 


It is ^ortl|jyneWoning that an important requirement for pull-off testing 
equipments i^t it can apply an almost pure axial load with no bending. During 
thAdevelopment of pull-off test equipment, this problem was initially solved by 
usinf^j^fll and socket joint, but it was later found sufficient to use a much 
smaller diameter high-tensile steel connecting rod to reduce any moment transfer 
effects and simultaneously achieve a self-aligning system (Long and Murray, 


1981 ). 
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Fig. 19. Effect of core perpendicularity. 

The driving force for the development of pull-off test i/dEo unsure in-situ the 
strength of concrete structures. Figure 20 shows two ways of testing concrete 
strength on site, viz. on the surface and on the part^/co^ds (Long and Murray, 

A 

steel/alun^"" 1 ™ Atclr 
(typically 
50m xi di<^ 


1981). 




/ 

Typical failure surface 
Fig. 20. Strength testing procedure. 


partial core 


It wa. ; . %und that for tests on HAC concrete partial coring was necessary to 
eliminate errors caused by the hard shell effect, whereas on OPC concrete uncored 
specimens gave significantly more consistent results, as the aggregate was not 
disturbed or weakened by the drilling. However, the tensile strength calculated 
from the pull-off load is of little use to structural engineers. But, with a calibration 
curve such as that shown in Figure 21, the equivalent cube compressive strength 
of the concrete under test can be estimated. This practice has been accepted as a 
standard approach in the UK (BS, 1992) and recommended by (ACI, 2003) for 
assessing the in situ concrete strength. 
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Fig. 21. Correlation curve. 



•rrelation between 
y aggregate as well 


It is worth mentioning that as discussed in section JLtfij 
tensile strength and compressive strength can be mfkuejrc<^T ^ ^ 

as the disc material and thickness. Therefor©^ (Sfer 1992) requires that a 
correlation should be established for the par^j^gi concrete under investigation 
and the apparatus being used. Nonetheless. (JohnSfon, 1967) indicated a single 
curve could be sufficient for most of fie available aggregates. This is also 
reflected in (BS, 1992) in specifying that “irp6me circumstances, use of a general 
correlation may be adequate”. studies on a multi-story car park, 


multispan flyover, precast pi 
concrete bridge deck ovei^ay 
simple, reliable and 
concrete strength in-siti 




djfiAC concretes and a high performance 
2000) also revealed that pull-off test is a 
artially destructive test method for testing 


3.1.5 


The 


Ultrago nicpu Ise velocity (ASTM C 597) 


is that the material under test consists of two separate 
Stituertts, matrix and aggregate, which have different elastic and 
strength properties. The relationship between pulse velocity and dynamic 
elastic modulus of the composite material measured by resonance tests 


on prisms is fairly reliable. Although this relationship is influenced by the 
value of dynamic Poisson's ratio, for most practical concretes made with 
natural aggregates the estimate of modulus of elasticity should be 
accurate within 10%. 




The relationship between elastic modulus (or pulse velocity) and strength 
of the composite material cannot be defined simply by consideration of 
the properties and proportions of individual constituents, see Figure 22. 
This is because of the influence of aggregate particle shape, efficiency of 
the aggregate/matrix interface and variability of particle distribution, 
coupled with changes of matrix properties with age. Although some 
attempts have been made to represent this theoretically, the complexity 
of the interrelationships is such that experimental calibration for elastic 
modulus and pulse velocity/strength relationships is normally nece ssar y. 


Aggregate type may vary in type, shape, size, and quantity, 
cement type, sand type, water/cement ratio and matuii^ a 
important factors which influence the matrix properties ^fcer 


hence 



strength correlations 


IfT&gutar 

RJrtier 

Aggregate 


Cube Con press i ve Strength [Mpa) 


ictyof cement to aggregate ratio on the relationship between pulse velocity and 
compressive strength (Naik and Malhotra, 1991) 


Strength calibration for a particular mix should normally be undertaken in 
the laboratory with due attention to the factors listed above. Pulse 
velocity readings are taken between both pairs of opposite cast faces of 
cubes of know moisture condition, which are then crushed in the usual 
way. Ideally, at least ten sets of three specimens should be used, covering 
as wide a range of strengths as possible, with the results of each group 



averaged. A minimum of three pulse velocity measurements should be 
taken for each cube, and each individual reading should be within 5% of 
the mean for that cube. Where this is not possible, cores cut from the 
hardened concrete may sometimes be used for calibration, although 
there is a danger that drilling damage may affect pulse velocity readings. 
Wherever possible, readings should be taken at core locations prior to 
cutting. Provided that cores are greater than 100 mm in diameter, and 
that the ends are suitably prepared prior to test, it should be possible to 
obtain a good calibration, although this will usually cover only a restjMed 
strength range. 

Although the precise relationship is affected by many varfeble l^thl 
may be expected to be of the general form: 


curve 


f c = Ae 


bV 


& 


<c 


where f c is the equivalent cube strength, V is>fh e pulse velocity and A and 
B are constants. Hence a plot of log cube strength against pulse velocity is 
linear for a particular concrete, loathe ref ore possible to use a curve 
derived from reference specimens to extrapolate from a limited range of 
results from cores. 

(Bungey, 1980) has sugges^jf that if a reliable correlation chart is 
available, together testing conditions, it may be possible to 

achieve 95% confidence limits on a strength prediction of ±20% relating 
to a localized area ofinterest. Expected within-member variations are 
likely to reduce the corresponding accuracy of overall strength prediction 
of a member to the order of ±10 MPa at the 30 MPa mean level. Accuracy 
cj^reases at higher strength levels, and estimates above 40 MPa should 
be t^m^ro with great caution. 


Although not perfect, there may be situations in which UPV 
measurements may provide the only feasible method of in-situ strength 
estimation, and if this is necessary it is particularly important that especial 
attention is given to the relative moisture conditions of the calibration 
samples and the in-situ concrete. Failure to take account of this is most 














likely to cause an underestimate of in-place strength, and this 
underestimate may be substantial. 


3.1.6 Resistivity Methods 


Relationships between the electrical and mechanical properties 
(resistivity and strength) have been determined for several concretes 
(Lataste, 2002). In order to have concretes of different porosjl 
distribution of pore size, the aggregate grading was varied, 

Concrete cylinders 320 mm (height) x 160 mm (diameterWal^ured in 
water for 28 days before carrying out electrical resistitff^mgfrsurements 
and subsequently crushing them to obtain the comfijfessiue^strength. The 
compressive strength/resistivity relationship sho^ i^Pigure 23 is based 
on seven samples for each mix. Series C hyt high water-cement 

ratio while series G and H used gap graded aggregates. A good 
strength/resistivity correlation is obtained if series G and H are ignored. 


It has also been advocated that tJ^logJ hanical properties of the concrete 
can be related to its Measuring the latter with electrical 

e .ai^jjiara^ 
concrete, see Figure 24 (Woelfl 

o 


resistivity may give arPj^dra||Jjpn of the compressive strength of the 

fl and Lauer, 1980). 


concrete 

C 

w/c 

W 

aggregates (in 1) 

A 


, (1) 


(kg or 1) 

0/3 

3/8 

8/15 

12.5/20 

c 

400 

129 

0.58 

232 

223.99 

415.34 

- 

- 


400 

129 

0.50 

200 

234.78 

436.11 

- 

- 

E 

400 

129 

0.50 

200 

234.78 

221.33 

214.67 

- 

F 

400 

129 

0.50 

200 

234.78 

221.33 

107.33 

107.33 

G 

400 

129 

0.50 

200 

234.78 

- 

436.11 

- 

H 

400 

129 

0.50 

200 

234.78 

- 

- 

436.11 


Table 1 . Volumetric composition of the 6 concrete mixes. 






























Relative features of various concrete strength test methods are 
summarized in Table 2. In the common situation where an assessment of 
material strength is required, it is unfortunate that the complexity of 
correlation tends to be greatest for the test methods which cause the 
least damage. Although surface hardness and pulse velocity tests cause 






















little damage, are cheap and quick, and are ideal for comparative and 
uniformity assessments, their correlation for absolute strength prediction 
poses many problems. Core tests provide the most reliable in-situ 
strength assessment but also cause the most damage and are slow and 
expensive. They will often be regarded as essential when investigating 
existing structures, and their value may be enhanced if they are used to 
form a basis for calibration of non-destructive or partially-destructive 
methods which may then be adopted more widely. Partially-destructive 


methods generally require less-detailed calibration for strength but cause 
some surface damage, test only the surface zone, and may suffAfrom 
high variability. The availability of strength correlations and the a curacy 
required from the strength predictions may be imporjfcn^fectors in 
selecting the most appropriate methods to use. This/fnust be coupled 
with the acceptability of making good any damaged |freavror appearance 
and structural integrity. For monitoring strength'll r|Kv construction, it 
will be necessary to develop or obtain appnafonfci^trength correlations 
before construction commences. 


tors in 



Table 2. Relative merits of non-destructive tests. 










Previous studies by (Bungey and Millard, 1996) have established that 
surface hardness testing is unreliable at early ages, and that whilst 
ultrasonic pulse velocity measurements can yield good early age strength 
estimates usage is usually precluded by the need for access to two 
opposite faces. Where testing is required on one face, penetration 
resistance testing is quick and suitable for large members such as slabs, 
but this again has been shown to be unreliable at low strength values. The 
previous studies concluded that pull-out testing was the most reliable and 
practicable technique at low strength levels. 


3.2 Assessment of characteristic in-situ compressive 
indirect methods. /Vr 




Y 

by 




<0 


Concerning USA and European standards, desf^^th^xorrection factors 

associated with curing, compaction, age, etc.J the in-situ strength of 

concrete needs to be converted into a 10 th or 5 th percentile, in order to be 

used in structural analysis. Differ ent statistical procedures including 

distinct assumptions about strength population are considered by each, in 

order to estimate the correspoMeiy percentiles. This also happens when 

the in-situ strength is gst^^OTroirough indirect methods such as the 

rebound hammer, u%asonic,pulse velocity and pull-out tests, requiring 

. .... 



/Whores from the same concrete (and under the 
>ne that is about to be assessed. 


In the USA, this calibration can be carried out in moulded cubes and in 
cores^rkdlleli from existing structures while in Europe only the last one is 
aMwed. |i mis section will be briefly describes the different standard 
proc^^Cs to asses in-situ strength of concrete in structures based on 
indirect methods. For an appropriate use of the procedures, the 
respective standard should be consulted. 


always a calibration 
same conditions) 























3.2.1 USA standards 

ACI Committee 228 has reviewed four statistical methods for evaluating in-place 
test results. Two of the suggested methods are briefly described below. 


3.2.1.1. The “Tolerance Factor Approach” 


The estimate of the tenth percentile strength Y 0 .io can be determined, for a normal 
distribution function, as follows (Bickley, 1982) 

Y 0 . 10 =Y-Ks y 

where Y 0 .io corresponds to a 10% probability of being defective Y is th^ 
average strength, K in the one-sided tolerance factor and s Y is the san 
deviation. 



“Sample” in this case refers to tests performed at severaiNoc!^i6ns on the 
structure. As such, multiple tests performed at a single locaUmnonly contribute 
one single value to the sample. The tolerance factor is d^ffemiMi from statistical 
characteristics of the normal probability distribution dflfo dqp£nds on the number 
of group of tests n at different locations on the striyt4& life confidence level, and 
the defect percentage. Values of K can be foundift standard statistical references 
(Natrella, 1963). Figure 25 shows how the KvSlAe varies with the number of 
group of tests performed on site but also%ith the required confidence level. Hindo 
and Bergstrom (ACI, 2003) suggestfdn!|jj^ only 75% is used for ordinary 
structures, 90% for very important bmllig^r . and 95% for crucial parts of nuclear 
power plants. It is obvious that as /Readability of the test results increases or as 
fewer tests are performed^th^^nH^prfcentile strength will be a smaller fraction 
of the sample average streng^hr^^ 

































Number of tests 

Fig. 25. One-sided tolerance factor for 10%fie^rctwc level. 
Two criticisms for this method are (ACI, 2003): A 




• the strength relationship is presumed luTMi no error; and, 

• the variability of the compressnSfcrtrength in the structure is assumed to 
be equal to the variability of the in-Jiice test results. 

While the second factor will mak^^h® estimates overly conservative, the first 
factor will have the oppose Wjj^toms method is simple to use, requiring only 
tabulated statistical ihctoj^all^a calculator, but because its underlying 
assumptions have been cm estiobgd. a rigorous method has been proposed. 


3.2.1.2. The “Can 




ltemative method” 


The rj^’a^Lmemod is more complex and requires an electronic spreadsheet or 
computemprcjfam for practical implementation (Carino, 1993). The values 
o*»ned frprn the correlation tests, e.g., for pullout tests and cube compressive 
stren§|p^ire used to compute the lower confidence limit (Yi ow with the desired 
confidence level, e.g., 75%) of any estimates to be undertaken with the use of this 
correlation (following the procedure discussed at §3.1.3). This requires use of the 
error of fit given by Mandeb s procedure (Mandel, 1984), the standard deviation of 
the estimated value of compressive strength according to (Stone and Reeve, 1986), 
and the Student t-value for m (the number of replicate in-situ tests) obtained from 
(Natrella, 1963). The lower confidence limit for the average concrete strength is 
then obtained from the equation (ACI, 2003): 


Yiow Y - (t m _i ?a SY) 









where Y| 0W is the lower confidence limit at 95% confidence level, t m _i fa is 
the Student t-value for m-1 degrees of freedom and 95% confidence level 
and m is the number of replicate Lok tests. 


The tenth percentile strength Y 0 .io is then computed from (ACI, 2003): 


Yo.io — Yi ow - 1.282 s cf 

where s cf is the standard deviation of the logarithm of concrete strength in the 
structure and is obtained from the assumption that the ratio of the standard 
deviation of compressive strength to the standard deviation of indirect tests in the 
field is the same as that obtained during the laboratory correlation testin^ffliis 
equation accounts for the variability of the in-situ compressive strengjfe, i.e^rf 
converts the average in-situ strength from several locations to a cJ^HcmiStic 
strength for the structure. 


3.2.2. European standards 


Two alternative methods for assessment of in-mj ?compressive strength 

are provided (EN 13791, 2007). Alternative l4u^^ff correlation) requires 

. 

at least 18 core test results to establish tm^lationship between the in- 
situ compressive strength and the test result by the indirect method. 
Alternative 2 (calibration of a prior model) requires a basic curve, 
provided by the standards and ^Relationship determined from a limited 
number of cores. 


i comp 


3.2.2.1. Basic curve 


Results from an irf-situ investigation of several prestressed concrete 
storage tannin Stargard (Poland), see Figure 27, carried out in 2007 
vyMen the structures were approximately ten years old, are used to 
demllpl^te the procedure for estimating the in-situ compressive 
strength and how this is then used to calculate the characteristic in-situ 




compressive. 









(after Breysse et al ; 


Fig. 27. Prestressed concrete storage tanks in Stargard (Poland). 

A test region containing nine test locations was selected. A test result for 
rebound hammer was obtained at each test location in accordance with 
EN 12504-2 and a core was taken and tested in accordance with EN 
12504-1. The results are shown in Table 3 for the region used for 
































calibration and in Table 4 for the concrete in regions that are about to be 
assessed. 


Location 

#01 

#02 

#03 

#04 

#05 

#06 

#07 

#08 

#09 

Rebound 

readings 

44 

46 

51 

51 

45 

41 

50 

42 

50 

41 

48 

49 

51 

43 

44 

51 

43 

49 

43 

45 

51 

51 

48 

42 

48 

41 

51 

45 

46 

48 

51 

44 

43 

48 

44 

50 

44 

43 

44 

53 

46 

47 

51 

48 

Jk 

51 

46 

43 

51 

51 

47 

46 

49 


V s 

46 

42 

46 

47 

49 

44 

% 

CD 

49 

43 

45 

51 

48 

43 

43 


^45 

49 

46 

41 

52 

49 

45 

44 

"v 

44 

52 


44 


51 


;-V 




Standard deviation 

1.7 

2.1 

2.7 

1.8 

2.1 

1.9 

1.2 

2.1 

1.3 

Rebound number 

(median) 

44 

44.5 

5 M 


45 

44 

50 

44 

50 

Core strength f is 

25.3 

27.5 

31.6 

36.6 

28.9 

26 

32.9 

26.7 

35 

Predicted strength 
(basic curve) f R 

41.6 

TBS*. 

53.7 

spy 

53.7 

43.4 

41.6 

52.0 

41.6 

52.0 

dt=f is -f R 

- 16.3 

- 15.0 

- 22.1 

- 17.1 

- 14.5 

- 15.6 

- 19.1 

- 14.9 

- 17.0 

New predicted 
strength 

2 !r 

yf 

32.8 

32.8 

22.4 

20.7 

31.1 

20.7 

31.1 


strength (Stargaj^j 

The 


i^sed concrete tanks, strength in MPa). 



ca^e given by EN 13791 writes f R = 1.73R - 34.5. The average 
le differences between the measured value on the core f is and 
the given by the basic curve f R was found to be 16.9 MPa The 

sample standard deviation of shifts, s, was found to be 2.4 MPa. The 
amount by which the basic curve needed to be shifted, Af, used to 
estimate the in-situ compressive strength, was obtained from 


Af = df m(n) - kis 


































which is added to f R . The value of ki for nine paired test results is given as 
1.67. 

This last step ensures that the curve is not only shifted by adding the 
average value but it includes a downward shift of kis, so that the 
predicted core strength is on the safe side. In the example given, the shift 
will be of -16.9 - 1.67 x 2.4 = - 20.9. This has been done in Table 4. The 
strength correlations obtained are shown in Figure 28. 



Table 4. Determination of the in-situ compressive strength for the concrete used in the Stargard 
Prestressed Concrete Tanks (s is standard deviation of rebound numbers, f R is estimated 
strength and f is , i is the final value of the estimated in situ compressive strength). 
























































In Table 3, the estimated strength is f R = 1.73R - 34.5 - df m(n ) with df m ( n = 
16.4 MPa. The final estimation f lsj = 1.73R - 34.5 - df m ( n ) - k x s 

The last step is the estimation of the characteristic strength. Clause 7.3.3 
of EN 13791 applies and the characteristic strength of the concrete is the 
lower of: 


Average - 6 = 23.1 - 6 = 17.1 MPa 


Minimum + 4 = 10.3 + 4 = 14.3 MPa 




If the low result is due to a local defect, for example honeycom^i^ < 
was agreed to remove this area, this result could be exgludAtlfcpm the 
calculation of the characteristic in-situ strength. 


For design purposes one may want to divide the 1 
the characteristic strength of test specimens, i.e/z&l 

. 4 ^ 


7;T ? Mp4 

MPa. 


iyd« 

y 


by 0.85 to get 











Fig. 28. Strength correlation for rebound hammer tests for the prestressed concrete storage 

tanks in Stargard (Poland). 


The procedure appears to work well when the correlation specimens have 
a low standard deviation. This may not always be the case and there are 
worries that this procedure leads to very low estimates of the 
characteristic in-situ strength. 


3.2.3.2. Alternative 1 - Direct correlation with cores 


The Alternative 1 presented in EN 13791 consists in choosing ai^c^t 18 
test locations from the structure and obtaining one pair#)f r|sult|- one 
indirect test result and the compressive strength o^one core. The 
relationship between the in-situ compressive strength and the indirect 
test is established by the tolerance lower limit fo r^ ^^erage of 90%. This 
alternative has been criticized (Monteiro anj: 
three reasons: 




fnialves, 2009) due to 


for calibration (minimum of 18 


high number of cores neec 
cores); 

incomplete informatioryfflbTJWhe procedure; 
use of a toleran^^i^erval for establishing the relationship 
between in-situ shrermth and indirect test results. 


The first reason makes this approach prohibited in most cases where 
characteristic in-^ilu strength is about to be assessed, since, according to 
the same standard, 15 cores are enough to do it without the need of 
indirect tests. However, in particular cases, such as the assessment of 
characTSiristicNln-situ strength for applying the compressive prestress in a 
l^fffk. number of concrete elements, the number of cores required for 
calibrmon may not be so relevant. 


Concerning the second reason, the EN 13791 indicates that the 
relationship between in-situ strength and indirect test results shall be 
obtained from the tolerance limit for individual observations which gives 
a safety level where 90% of the strength levels are expected to be higher 
than the estimated value. This tolerance limit shall be calculated through 






































regression analysis using the best-fit regression model. However, the 
standard does not give any indication about the confidence level and the 
statistical distribution of both variables (e.g., if the measurement error of 
the indirect test is neglected or not) that should be adopted. These last 
two aspects may affect significantly the estimated characteristic strength. 


The third reason concerns the use of a tolerance limit to establish the 
relationship which can be excessively conservative. Tolerance limits are 
used to predict a percentile of the compressive strength which, in this 
case, corresponds to calculating a characteristic value of concrl^ 
strength within each test location. The reasons behind this choLe€*e^rfins 
unpublished but, statistically, it is not consistent with the%rocedure used 
for assessing in-situ strength with cores only, where, in Jfche rase of taking 
more than one core in each test location (replicates!^ The mean value is 
used as a test result. To be consistent, a confidence limit should be used 


instead. 


j 


3.2.2.3. Determining the characters itu strength 




EN 13791 uses a completely^^t^W approach to determine the 5 th 
percentile (or the charactAAi^in-situ strength of concrete from attest 
region, f ck/is . After thj^al^datWn of the relationship line (obtained by any 
of the two above approach), each indirect test result (obtained from 
each test location from the test region of concrete that is about to be 
assessed) is converted into in-situ strength results, f Us . The characteristic 
in-situ strength is then taken as: 


in [fm(n),is 1.48 S, fjsjowest 4] 


where f m ( n ),j S , lowest and s are the average, minimum and standard 
deviation if the converted f i/is respectively. The value of s shall not be, 
however, less than 3 MPa. 








3.2.4. Comparison between approaches 


In Table 5 are summarized the main differences between the Carino's and 
EN 13791 Alternative 1 methods. 



ACI 228 (2003) 

EN 13791 

Min. number of test locations 

6 to 9 

18 

Min. number of cores by each 

test location 

2 

1 

Min. total number of cores 

12 to 18 

18 /X 

Replicates 

in each test 

location 

Rebound hammer 

9 


UPV 

5 

£ 

IN 

i 

psi^dH 

Pull-out 

3 


iM^fined 

Influence of measurement error 

on indirect test results during 

calibration 

Mandel's procedure 

m T 

/No indications 

Assumed statistical distribution 

for in-situ strength 

r « i ■ 

Lognormal 

No indications 

Assumed statistical distribution 

for indirect test results 

Lognormal 

No indications 

Regression model 

i. Power 

Best fit line 

Relationship line $ m. 

\V 

Approximated non 
simultaneous confidence 
limit 

Tolerance limit 

for individual 

observations 

Confidencedeytel 

- 75% for ordinary 
structures 

- 90% for very important 
buildings 

- 95% for crucial parts of 
nuclear power plants 

No indications 

l^uence^f measurement error 
on irWggM test results during the 
assessment of in-situ strength 

Included 

No indications 

Influence of external factors 

(e.g., moisture content of 
concrete) 

Not included or neglected 

Not included 

or neglected 

Correction of the estimated 

standard deviation of the 

predicted in-situ strength 

Assumes that the standard 

deviation ration between 

compressive strength and 

No corrections 





















the indirect test result 

during calibration remains 

the same in the field 


Combination of indirect methods 

Not covered by the standard 


Table 5. Recommendations and minimum requirements for calibration. Comparison between 
ACI Carino's alternative method versus EN 13791 - Alternative 1 (Direct correlation with cores) 


Multivariate analysis and modeling for strength assessment 
of concrete 




the quality of 
»n synthetic data 


4. 


In this section, the issue of combining several non destructive t^chnigues 1 
profit of their various advantages (see Table 2) will be discussed. IMtef having 
recalled the seminal work, we will discuss the question of con^rsiOT^rurves (here 
surfaces). Thus the role played by the driving parameters, 
the model and the measurement error, will be highlightejMboti 
(that will make the understanding easier) and on field 

4.1. Back into history: the SonR 

The term "combined methods 
test methods to estimate 
more than one infeplage llpt, 
established to esti 
increase the reliabili 




o the use of two or more in-place 
strength. By combining results from 
a multivariable correlation can be 
l stWngth. Combined methods are reported to 


e estimated strength. 


A combinec^MIrhronic Pulse Velocity and Rebound Number method, 
know^s < $fee SONREB method, was developed largely due to the efforts 
of EILLM^ecbnical Committees 7 NDT and 43 CND. A general relationship 
betw to^ Tonrmressive strength of concrete, rebound hammer number, 
and ultrasonic pulse velocity, in accordance with the tentative 
recommendations for "in situ concrete strength estimation by combined 
non-destructive methods" RILEM Committee TC 43 CND, 1983, forms the 
basis of SONREB technique. Figure 29 shows this relationship in the form 
of a "nomogram". By knowing the rebound hammer and pulse velocity, 
the compressive strength is estimated. 






A series of correction coefficients, can be applied in order to improve the 
accuracy of prediction obtained from the "nomogram". These coefficients 
account for the type of cement, the cement content, the aggregate type, 
the aggregate fine fraction (less than 0.1 mm) and the maximum size of 
aggregates. 


The accuracy of the estimated strength (the range comprising 90% of all 
the results) is considered to be (1) 10 to 14% when the correlation 
relationship is developed with known strength values of cast specimens 
or cores and when the composition is known, and (2) 15 to 20^ 
only the composition is known. 

| : . : 

In fact, the "nomogram" is no more than a conversion cufmin the case 
where the strength is estimated from the value of two non destructive 
parameters instead of a single one. It results a suites ot <curves like on 
figure 29, instead of a single one. Two main fiave been pointed 

after these seminal works: 

- the use of correcting coefficients is not practicable in the field, since it 
is difficult to identify the constituents of concrete, 



the value of these coeffici 
fitted on a series 
general case. 


ries of 



swell as the basic correlations were 
and cannot be extrapolated to the 















Fig. 30. The "Australian method" for estimating concrete strength (after IAEA, 2002). 










Many studies over the last fifty years, both on laboratory specimens and 
on structures using cores, have tried to improve the quality of the 
correlation between measured parameters and concrete strength. 
Combination of ultrasonic pulse velocity and rebound hammer 
measurements has been extensively studied for improving strength 
estimates. The combination of other techniques, like penetration 
resistance (Machado et al, 2009), pull-out tests (Ferreira et al, 1999) or 
drilling (Radonjanin, 2010) was also extensively studied. (Naus, 2009) 
provided several other examples. 


The principle behind the combination of methods is that a cer^N^^for, 
e.g., moisture content, may affect the measurements fMiffe^it non 
destructive techniques and the correlations with strewgtm in a distinct 
way. If this is the case, then combining the two meaiw?rnents should 
enable the elimination of the adverse effect of condition of the 

specimen and improve the confidence in the ooL|rete strength estimates. 
The cost of several investigations may however prove to be prohibitive 
and one can expect that, at most, o^^two techniques will be used. 

& 


4.2. Developing multiva 


riate r 


e relat 


ionships as conversion curves 


— 


4.2.1. Specify a shape pagi nations 

Facaoaru (Facaoa^/1961, Facaoaru, 1970) was the pioneer in this field. 
He applied the combination by taking the mean of three UPV 
measUi>melits and the mean of six readings for rebound numbers R, and 
tX^c determined the compressive strength by using three-dimensional 
surfasWtcalled "nomograms") where the concrete strength is expressed 
as a function of two variables, i.e.: 


fc = f (UPV, R) 


Many studies have been carried out to improve these correlations, either 
for univariate curves f c = f (UPV) or f c = f (R) or for bivariate correlations. It 
appears that: 


































several functions/relationships, i.e. linear, power function, exponential, etc., 
have been used for the equations but they appear to be globally equivalent in 
terms of efficiency. Arioglu (Arioglu et al, 1996) compared seven functions 
with one set of data. The determination coefficient r 2 for all of these was 
between 0.94 and 0.98, indicating that all could be used within the range of 
data; 

even if the type of function is fixed, the parameters identified by the authors 
exhibit a high variation: 

for strength-rebound number relationship, f c = f (R) = a R b , the b exponent 
was found to vary from 1.12 to 3.44 with an average value of 2.38 (Almeida, 
1993, Pascale et al, 2000, Brozovsky, 2009a, Lima et al, 2000, Fabbrocino, 
2005), 

for strength-UPV relationship, f c = f (UPV) = a UPV b , the b 
found to vary from 5.54 to 8.13 with an average value of 6 
1993, Drochytka, 2008, Fabbrocino, 2005, Pascale et al, 2Q§0), 
for the combined relation f c = f (UPV, R) = a UPV b R c , 
same, with average values being 2.39 for b and 1.44 
1996, Di Leo et al, 1994, Gasparik, 1992, 

2010, Tanigawa, 1984). 

The high variability of these coefficients has m 



relationships identified on laboratory or on cores, 

existence of many uncontrolled factors, like the concrete properties, the 
water content, the way of coriffg^thp core size and shape, etc., which 
have all been listed by the authfers,,j 

measurement error of Mn!r technique is not usually accounted to 
establish correlations^/ 1 


A "universal law", Miiw. coma be used for any concrete has been 
searched by many. Othersmave tried combining several sets of data 
(Turgut, 2004, Qaswari, 2010, Evangelista et al, 2003, Nash't et al, 2005) 
to find such a law. These efforts have been in vain. The question as to 
which function is to be used still remains unresolved. Only a power law is 
therefore^ ordered in the following discussion. 


4.2.2. Determination of multivariate relationships 


NDT measurements (rebound hammer, UPV and pull-out force) have 
been obtained from seven Italian bridges that were tested at many 
locations on several piers and beams (Gennari-Santori, 2005). Cores were 
taken at thirteen locations after NDT measurements were carried out and 






the compressive strength was determined. Determining a multivariate 
relationship from these data would provide a practical tool for estimating 
strength: (a) at other locations on these bridges, where there were only 
NDT measurements and (b) on similar bridges. Table 6 summarizes the 
results obtained at the thirteen locations. 


Several mono- and multivariate relationships have been identified (see 
Table 7). All relationships have low values for the coefficient of 
determination r 2 . However, when the relationship is multivariate, i.e. 



Table 6. Measurement results for three NDT and core strength at 13 locations (from Gennari- 

Santori, 2005) 





Power exponents 


R 

UPV 

F 

r 2 

f c =a R b 

2.62 



0.41 

f c = a UPV b 


3.41 


0.43 

f c = a UPV b R c 

1.91 

2.52 


0.62 

f c = a UPV b R c F d 

1.02 

2.07 

0.53 

0.75 


Table 7. Coefficients of determination for mono- and multivariate relationships. 



r 2 (R) 

r 2 (V) 

r 

(R and V) 

Gonsalves, 1995 

0.86 

0.72 # 

, i 

0.94 

Gennari-Santori, 2005 

0.41 

0.50 ^ 

: 1 A 

0.62 

Proverbio, 2005 

0.82 

0.46 

0.86 

Nash't, 2005 

0.77 

■ ,, AX 

0.59 

0.80 


Table 8. Improvement of correlation by combining ti 


neasurements. 



The combination is expected to improve the coefficient of determination, 
but this improvement can be small if one technique is much more reliable 
than the other. Strength correlatiofcfor UPV measurements may not be 
very reliable (Kheder, 1998, Yun |lc^l988) because of the uncertainties 
and variability in the moist^^fewent of the structure at the time of 
testing. We will trytfo etolaWhow the influence of these uncontrolled 
factors can be used, J^spnranation of UPV and another technique (here 
rebound). 

¥ 

nding the possibilities and limits of multivariate 



4.3.1. Using simulations to better understand what happens during NDT 
measurements 


Since it is impossible to fully control all parameters in practice (either in 
the lab or in the field), a synthetic approach, based on virtual data, will be 
advantageous in order to better understand on what factors the 
efficiency of combination depends. 
















The general principles of this synthetic approach works in four steps: 


- Step 1 - generation. A data set of material properties is generated, the focus 
being given on material strength f c and on moisture content, through saturation 
rate X. These two parameters are randomly simulated according to a prior 
statistical distribution representing the material variability. 

- Step 2. - measurement. Non destructive measurements are simulated and two 
values V (for UPV velocity) and R (for rebound) are generated. These values 
are calculated in two steps: (a) a theoretical value is generated, according to 
the relationships V (f c , X) and R (f c , V) and then, (b) a random error is added, 
corresponding for each technique, to the measurement error. 

- Step 3 - calibration. The calibration stage consists in comparing 
destructive measurement values and the concrete strength (which^ian He 
determined after coring), and to identify the mono- or multivariat^^|rg^ion 
laws f c est = f (R? V). 

- Step 4 - validation. Because of the measurement errors, ^^^^error and 

statistical uncertainty (limited size of the sample taken ^fo^afloration), the 
estimated strength differs from the true strength this synthetic 

approach, is available and was generated at Step lTuim^cprnparison between 
estimated and true values provides information the quality of the NDT 
evaluation. 

How representative the synthetic approaO^wdepends on the care with 
which simulations are performed. Specific attention must be paid so that 
the statistical distributions, the correlations between parameters and the 
various sensitivities (e.g. influen^^^aturation rate on UPV velocity or 
on strength) required t§ build the synthetic data at Step 1 are similar to 
those in the "real we* 1 -'" k ^ 


The simulations Jnl^g^een performed with the following average 
properties: f c = 30 MPa, X= 85 %. Such a concrete has a rebound number 
R = 35pnd an ultrasonic pulse velocity V = 4365 m.s' 1 . When the strength 
and/or\aturation rate differ from their average value, R and V vary 
accordingly. Power relationships have been chosen to describe this 
dependency, being the exponents selected after a careful analysis of the 
literature. 


R = 35 (f c /30) 1/mf (X/85) 1/mx 

(1) 

V = 4365 (f c /30) 1/nf (X/85) 1/nx 

(2) 






































































The signs and values of the exponents depend on the sensitivity of NDT 
measurements (R, V) to the strength f c or to the unknown variable X. 


When the saturation rate X is taken as the random variable, mx is 
negative (rebound decreases if water content increases) while nx is 
positive (the UPV increases with the water content). If another unknown 
variable were to be considered, like carbonation level, both mx and nx 


could be positive. All exponent values have been calibrated after having 
considered the literature and experimental data: 



mf and nf were taken to be 2.38 and 6.25 for R and UPV respective! 
correspond to average values from the literature, as seen above, 
mx, which describes the sensitivity of rebound to water^cgnl l^ife s been 
taken to be -1/3. This value is in agreement with CzecJ^n^j&ndard CSN 
731373 which introduces a correcting factor a w for tho r^jj^crvalue, which 
varies from 0.85 (dry concrete) to 1.05 (w^F safcrfrated concrete) 
(Brozovsky, 2009b), 

nx, which describes the sensitivity of UPV to water content, has been taken 
to be 0.20, in agreement with SENSO experfmeiraraata, where the velocity 
increased from 4365 m.s" 1 for X = 85 %«^0 m.s" 1 for the same concrete 
saturated (LMDC-SENSO, 2009) ‘ 


4.3.2. What an uncontrolled fac 



In a first series of simulllknfs^jp consider perfect measurements (no error is 
introduced at Step 2 on R and V), but with some material variability. The standard 
deviation on strength 1.5 MPa (which corresponds to a coefficient of 

variation (c.o.v. = stan lardJ teviation/mean value) e.o.v.(f c ) = 5 %). Three levels of 
variability are considered for the uncontrolled factor X: c.o.v.(X) = 2%, 5%, 10%. 
The three fo llqw flw^ijgures (fig. 31a-c) plot the existing correlation between R 
and UP y sytfula^^measurements. * 

tes jKghlight the role of the uncontrolled parameter. If X was constant, 
the positive influence of strength on both R and V (mf and nf 
Thave the same sign), it would result in a positive correlation between R 
and V. This correlation would even be perfect in case of no measurement error. 
However, because mx and nx have a different sign in Eq. 1-2, X variations have 
an adverse effect on R and V: a large X value increases V but decreases R. Then a 
negative correlation between R and V results. 



expoi 


This negative correlation (due to X variations) superimposes to the (former) 
positive correlation (due to f c variation). Depending on the range of variation of 
the uncontrolled parameter X, the result can be: (a) a positive correlation for a 





































small range of X, (b) no correlation, for an intermediate range of X, (c) a negative 
correlation for a large range of X. 

The final correlation depends on the respective weights of the two possible causes, 
which comes from the respective scatters (c.o.v.) of f c and X. The positive 
correlation dominates when the water content X varies in a limited range, and the 
negative correlation dominates when it varies in a large range, by comparison to 
that of concrete strength (here constant). This confirms the interest of combining 
these two NDT measurements, because of their different sensitivity to the 
uncontrolled parameter. 



Fig. 31c. Correlation between UPV and Rebound number R (c.o.v.(X) = 10%) 


4.3.3. The influence of the measurement error 

The NDT measurements are simulated by adding a random error to the 
true (theoretical) NDT value. The magnitude of "reasonable" 







































































































measurement errors is chosen in agreement with the SENSO 
experimental data, where a large number of measurements were 
performed specifically to determine this variability. The standard errors 
for the rebound number and for UPV were respectively measured to be 2 
and 90 m.s" 1 . These values give us the magnitude of standard error that 
can be used in simulations (Balayssac, 2008, LMDC-SENSO, 2009). 


The simulation process consists of: 


(a) Step 1 - generation. Generating first a pair of “true” strength f c and Jffce” 
saturation rate X. These variables follow a Gaussian distributingwM 
respective means of 30 MPa and 85 % and respective coefficient of 
variation e.o.v.(f c ) = 15 % and c.o.v.(X) = 10%, which i*a rllativjfly high 
level of uncontrolled variation. The range of material varilbility has been 
chosen in agreement with experimental data. Brozo j^K^f qBnd a c.o.v. 
ranging from 10 to 12% (Brozovsky, 2009a), and M^afojound between 8 
and 13 % (Breysse et al, 2010). Of course, this rarffj^apbe much larger if 
very different concretes are included in the expjS^epJfl data, with the risk 
of introducing additional uncontrolled factorMf d^ua fisition of concrete, age, 
etc -)- 

(b) Step 2. - measurement. N DT mea^tements are simulated by calculating the 
theoretical values for R and V accofflllgto Equations 1-2, and by adding the 
measurement noise. The ranges fikthsmeasurement error are in agreement 
with those found during the &?®>(^rogram (SENSO-LMDC, 2009) and on 
Polish bridges by Moczli|#E Mp# fe et al, 2010), but also with data provided 
by Brozovski, who fftujnc ^LQi v. (R) = 7% if the measurement is done with 
Czechian standa4^ancN^L2% with the European standard) (Brozovsky, 


(c) 



2009a). 


control speeime 
three 

Simenrs: 



onsidering that strength can be identified on cores or 
(without error measurement) and, from that, identifying 
models linking the strength to one or two NDT 


ncfvariate regression with R: f c = 30 (R/35) m (3) 

novariate regression with V: f c = 30 (V/4365) n (4) 

ivariate regression with R and V: f c = 30 (R/35) m (V/4365) n (5) 

The ranges of strength and saturation ratio being given, the quality 
of the regression models depends on the "noise", which increases 
with the measurement errors on R and V. 


To be representative of real situations for calibration, it is considered 
that the models are identified from 13 pairs (or triplets) of strength- 



































































NDT parameter value. This number is identical to that in Table 6 from 
measurements (Gennari-Santori, 2005). It corresponds to an 
investigation program which remains limited regarding the quantity 
of cores. 


(d) Step 4 - validation. In the last step, the identified models are used as three 
alternatives so as to estimate strength at points where R and/or V are 
measured, by using Equations (3) to (5). The simulation is performed on a 
data set of 300 strength values. 

Table 9 gives the r 2 coefficients between estimated and real strejj 


when varying the measurement error. All coefficients correspo 
average value on 3 simulations: the identification on 13 co 


estimation stage on 300 points is repeated three times a 
are averaged. 



^Wthe 
values 


Measurement 

sd (R) 

0 

V 

2 

2 

3 

error 

sd(V) (m/s) 

° 4 

30^ 

L._ 

60 

90 

90 

model Eq. (3) 

r 2 (R) 

0.80 


L66 

iv,:, 

0.44 

0.47 

0.28 

model Eq. (4) 

r 2 (UPV) 

0.64 


f59 

0.53 

0.41 

0.41 

model Eq. (5) 

r 2 (R, UPV1 

- —- 


0.92 

0.76 

0.66 

0.59 


measurement ei 


Figures 32a-c show 
and estimated 



r standard deviation) and regression models used. 


m.s 


e quality of fit (for a single simulation) between real 
s ^^P >th in the case where the measurement error is 2 / 60 

vC' 











Fig. 32a. Correlation between true strength Fig. 32b. Correlation between true stj 
and strength estimated with rebound. and strength estimated with UPV, 


Fig. 32c. Correlation between true 





strength estimated 
ig rebound and UPV 


by 


It is interesting to first check the consistency between these synthetic 
results and in the literature, obtained from field 

measurements. determination coefficients from Table 9 can be 
positively com^fefred with those from Table 8. The main reason for 
differences the magnitude of the measurement error, which is 
conciderjJ in these simulations as a parameter. 


The results also show that: 


- The quality of estimation is highly sensitive to the quality of measurements, 
which justifies the great care with which the NDT measurements have to be 
performed, 

- The combination significantly increases the fit and reduces the error on 
estimation. This is also visible on figure 32c where the scattering of the cloud 
of points is reduced when the measurements are combined. Here, most of the 











































points lay in the [-5, + 5] MPa range around the real value. As a consequence, 
if one considers that the aim is not the “local estimation” of strength but that of 
the average value of strength or that of fixed percentiles (characteristic values), 
their estimation will also be improved. 


This simulation has been limited to a case where the relative influence of 
the uncontrolled variable (here X) on the two NDT measurements was 
adverse. When it is not the case (e.g. if the uncontrolled parameter is the 
carbonation depth, which increases both for UPV and R), combination of 
techniques is also applicable, but less efficient. 


In any case, the simulation of synthetic data is helpful for quantifying the 
practical added-value of combining the techniques, once th^cwiputer 
has been fed with realistic "virtual physics". This mea^L krtf to be 
representative, the prior models used in the simulatioifctQ Mk material 
properties and NDT measurement values must mjj|fc tfee real world at 
best. 


4.4. Calibration process and c tion of NDT on real data 


The European Standard EN 13 
be used to estimate in sib 
using a "prior" curv 
calibrating, through 
agreement with 



fains how NDT measurements can 
fe strength. The process requires: (a) 
yf;lT%f^ks the strength and the NDT value, (b) 
"shirting process", so as to fit the results in 
fr of reference values obtained by coring. 


We will depart here from this standardized approach, and show how, 
while^jn^we same principles, the strength estimation can be efficiently 
irj^arovedyjy combining NDT data. The field data are those of Table 6 
(Gen||jp^5antori, 2005). Three alternatives will be compared, all using 
power law models, and having the generic shape: 


(fc /fc ref ) = (R/Rref )"* (U PV/U PV ref ) nf 


( 6 ) 


In this equation, the "reference values" enable to work without units. 
They do not influence the results. Their values are: f cre f = 30 MPa , R re f = 
35, UPV ref = 4365 m.s 1 . 






















The alternatives are: 


(a) 


(b) 


(c) 


Approach 1. Building specific regression models, directly on the data set (i.e. 
13 triplets R, UPV, fc cores). The statistical fitting leads to mf = 1.91 and nf 
= 2.52. 

Approach 2. Estimating strength from one NDT measurement (either R - 
Approach la. or UPV - Approach lb) and the corresponding calibration 
curve. The estimations are shifted so as to obtain the same average value for 
estimated strengths as for true strengths measured on cores. 

The prior model used are: 

(fc/fcref) = (R/Rref) 2 38 ( 7) 

and 

(fc /fcref) = (UPV/UPV ref ) 6 - 25 /*%T 

where the values of the exponents used are in agreement^witl^thos| m the 
literature (see § 4.2.1). 

Approach 3. Estimating strength from two NDT measure 
and the corresponding calibration curve. The estimatipaM 
obtain the same average value for estimated stren^t as^for true strengths 
measured on cores. tyy 

The prior model used is: 

(fc/fcref) = (R/Rref ) 144 (UPV/Utt 


jnts (R and UPV) 
hifted so as to 


where the values of the exponeni 
literature (see § 4.2.1). 



(9) 

taken in agreement with the 


Thanks to the shifting process, thre values taken for the exponents in 
Equations (7) to (9) have onlv yLlI influence on the quality of the final 
estimate. Figures 33a-b<inJ mbl e 10 compare what can be obtained from 
site data with the different approaches: 


. vC 

Q i 

Approach 2a 

Approach 2b 

Approach 3 

^Specific 

model 

prior curve (R) 

+ shift 

prior curve 
(UPV) + 
shift 

prior curve 
(R, UPV) + 
shift 

^tponerj on R 

1.91 

2.38 

- 

1.44 

Exponent on V 

2.52 

- 

6.25 

2.39 

r 2 

0.625 

0.390 

0.492 

0.619 

A (MPa) 

5.1 

7.7 

7.7 

5.2 


Table 10. Quality of the strength estimate for the different approaches (A is the mean 
value of absolute error). 
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Fig. 33a-b.Quality of strength estimate., (a- left) using one NDT measurement and calibration, 
(b-right) combining two NDT measurements. 


The two main conclusions are: 


:tter th; 


& 


That the multivariate analysis (Approach 3) is much better than the 
univariate analysis (Approach 2). It increases the deteriftWtig^ coefficient 
and reduces the error; 


erjfffhati 


The quality of fit is comparable between Anpuaao^S and the specific 
correlation of Approach 1: the determination coifflciarit is roughly the same, 
and the average error on strength is about +/o M§*&. Despite the fact that the 
exponents are very different, the estimateePs^mes are very close (fig. 33b). 

The use of the prior model (R, V) and calibration (Approach 3) is very 
practical, since it can be used as soon as one gets an idea of the real core 
strength values. This of course/raqmres a "minimal number" of cores, but 
one can think that six ®ar|s can provide a good idea of this parameter. 
Once this average "W^do^yjtrength" can be estimated, the combination 
of the multivariate regression law with the shifting process provides the 
estimated value of strength at any location where R and UPV are 
measured. ^ 


This efficiency justifies the idea of a global calibration curve. The model of 
Eq. (9) can be used as a starting point. 































































































4.5. The scope of investigation and its efficient planning 


4.5.1. Is it useful to get more NDT parameters? 


The regression laws built with two NDT measurements instead of a single 
one improve the quality of the strength estimation. The same reasoning 
would lead us to consider a third (or event a fourth) NDT measurement. 
Since this parameter is sensitive to some uncontrolled factor, it would 
also probably induce some further improvements in strength estimates. 




The question is then to know what a realistic limit is. The criteri^that/contlbute to 
answering this are: 

the more different the sensitivities are, the more efficiei^m^Imbination is. 
In practice, one must try to find techniques for wlhfti ih^Variations (like 
those corresponding to exponents in equations (TP »fL(2)) have opposite 
signs; Cjr . ' 

the best is to choose techniques for whieS Ife^gnal to noise ratio is 
maximum. This means that a highly repeatable measurement is of high 
interest. Reversely, a technique iimyhich the measurement error is too high 
may be not useful; 

the cost/effectiveness ratio must be evpdated, accounting for the cost of an 
additional series of measurem^s^^mpared with the improvement in the 
value obtained thanks ta apfc^i^onal NDT measurement. If the first two 
parameters have bee# v^LcnoSen, the possible added-value of a third one 
may often be limited. 

If we come back to me ififd data given in Table 7, the determination factor 
increases from 0.62 foi%tnvariate regression to 0.75 if a third parameter, the pull¬ 
out force, is also considered. The gain is not negligible, but it requires an 
additional se^flLcmsemi-destructive tests. Using such tests, instead of a third 
NDT,^^r(^|bly l interesting, since the information provided by pull-out is more 
directly lmkedlo the mechanical material response. 


Other recent examples on field data confirmed that pull-out test can 
provide useful information, whose combination with NDT parameters 
(rebound or UPV) has advantages (Breysse et al, 2010). However, even if 
some authors have tried to fit correlations with a higher number of 
parameters (Proverbio et al, 2005, Pucinotti, 2007), it seems reasonable 
to limit the investigation to two well chosen NDT techniques, one of them 
being possibly a semi-destructive one, like pull-out test. 




4.5.2. How many points of measurement? Where? 


Another question is the general planning of the investigation. As long as 
the objective is to estimate average and local strength values, the first 
issue is how spatial variations are accounted for. 

/> 

We can recommend a strategy adapted from (Pfister et al, 2010). They 
suggested that one covers first the whole on site structure with a quick 
and accurate NDT, like UPV or R (or, even better, botW.'^fcer this first 
stage, the NDT data are available and their statisJIW^distribution is 
known. This must drive the choice of the locations at \|(hicn cores must be 
taken, with respect to two criteria: 




a statistical representative sample: a mini^jpumber N of cores has to be 
taken, 

a choice of the N points such as^e statistical distribution of the NDT 
parameter on the N-sample is simiiartd that on the whole data set. 

This second criterion ensures that: (a) the range of material properties in 
the structure is covered al best, which is good for the quality of the 
regression model, and (b) thp strengths measured on cores (average and 
distribution) are close to those on the whole structure. 

There is no de g^ 4 rule regarding the minimum number N of test 
locations,^fjjnce it depends on many factors (variability of the strength 
distributton^tthe structure, total area covered, etc.). The simulations of § 
4.3. were performed while keeping this number constant (N = 13). Its 
effect on the accuracy of the estimation has been recently studied 
(Breysse et al, 2009, Pfister et al, 2009). It is well known from statistics 
that the uncertainty decreases with the square root of the number of 
tests, and this may lead to a very large number of tests if a high accuracy 
is sought. 






From the existing experience, it seems that about 10 to 12 tests is 
probably a reasonable minimum value, knowing that it is also possible to 
combine more or less direct information from other sources, like: 


additional tests on reduced size cores (Brignola et al, 2008), which is 
relatively well correlated to the strength on standard cores (in this case, the 
use of correcting factors for size and shape effects is necessary), 
semi-destructive tests, like pull-out tests, which offer an interesting 
alternative, even for providing a good estimate of the mean strength 
(Moczko, 2009). 


4.6. Conclusions about combination of techniques 


;is, an 


This section has shown, based both on field data an in-depth 

review of the existing literature and synthetic simu^'oRj/how and why 
combination of NDT can be very interesting. Thi^wr^fation reduces the 
uncertainty of the concrete strength estimation 


NDTs like rebound or UPV measuiwients are often regarded as giving 
unreliable and unsatisfactory strength estimates. Because of the wide 
variety of concretes and the in fliiei^gj Df many uncontrolled parameters 
(curing conditions, carbonatioil/fnoisture, etc.) there is no possibility to 

.'^at/ OT^Ld 

i*V 


use a "universal law" t^ 
from the NDT measd* 


directly estimate the concrete strength 


It is however possibl&firfter calibration, to correctly estimate the concrete 
strength, with an untertainty of approximately +/- 5 MPa on local values. 
This l^el^^^^racy is convenient for many practical purposes, like a 
general evaluation of residual strength of the structure, or the 
identification of the weakest areas. 


It is suggested to begin the investigation with the NDT and to define in a 
second step the location of cores after an in-depth analysis of the 
statistical distribution of the NDT parameters. The last step is that of 
strength assessment, with two main options: 






that of building a specific correlation relationship for the studied structure 
(this is named “direct method” in the EN 13791); 

that of using a calibration curve and shifting the results according to the 
average strength estimated on a limited number of cores. 


This method works when using a single NDT, but is improved considerably 
when combining the information provided by two NDT measurements. 
The most efficient choice is that of combining two NDT measurements 
which show, as much as possible, adverse sensitivity to the same 
uncontrolled parameter. For instance, if the main uncontrolled parameter 
is water content in the concrete, UPV and rebound are good candidates 
for being the two best techniques to use. In other cases (ioflfcn^e of 
chlorides, of carbonation, etc.) other techniques like radar me%ypements 
or electrical resistivity, can be possible candidates. 

ing for rebound 


(9), working 


If a calibration curve is required, that of Equation m 
and UPV measurements offers a good starting PtU^jy 

(f c /30) = (R/35) 144 (UPV/4365) 239 -^i 

\ 

If other techniques are used, there is no reference curve for the moment, 
and the only way is that of iden&%rm)g8i« specific correlation based on the 
available data. 

In both cases (specific correlation relationship or calibration curve), the 
larger the number of cores, the more reliable is the estimate. Some 
possibilities exis;t for limiting the number of cores without reducing the 
quality of th^estimate (using non standard cores, using other tests like 
penet^tidti test or pull-out test), but the practicality of this remains to 
botfonfimiecrby further studies in this field. 



























5. Data fusion to better estimate strength 


5.1. Why to use data fusion? 



The previous section has shown that it is possible to use a multivariate 
correlation for any NDT (velocity UPV, rebound hammer R, pull out force 
F., etc.) to get a better strength estimate of the concrete strength. 
Another approach is to develop a data fusion process. This makes use of 
the different techniques'sensitivities with the concrete strer 
improve diagnosis reliability. Instead of working on only one re 
the strengths resulting from each non destructive %g^ fructive 

evaluation can be combined. 

Two measurements would theoretically be sufficient to determine two 
unknown indicators by solving a set of two eauitjoru {inversion process). 
But imperfection and partial reproducibilitwonmeasurements on concrete 
lead to the need of improving diagnosis quantf. Indeed, on the one hand 
measurements are sensitive to material heterogeneity, variability and 
experimental noise, and on theJother hand, correlations are 
approximations of reality, alsp including modeling error. Thus relative 
disagreement or confliit til^veen information sources can happen and 
the system of equations can rapidly become ill-conditioned. A solution is 
then to combine several (at least three) NDT techniques providing 
complementary/njbrmation. In fact, the data fusion process enables us to 
manage sug^situations of relative disagreement between information 
sourc 

^aTS^fusj^fn is more and more employed in the NDT field. The most 
comnwily used methods are based on classification (like Dempster- 
Shafer theory) in particular for image fusion: X-ray and ultrasounds in 
welds [(Dromigny-Badin et al, 1997), (Kaftandjian et al, 2005)], infrared 
thermography and eddy current in carbon reinforced composite (Gros et 
al, 1999), radar wave and ultrasounds on reinforced concrete for image 
reconstruction (Kohl and Streicher, 2006), medical imagery in brain 
(Bloch, 1996), and infrared thermography images in nuclear applications 






















(Moysan et al, 2007). Moreover data fusion has already been used for 
assessing civil engineering components [(Gros et al, 1999), (Kohl and 
Streicher, 2006), (Horn, 2006), (Maierhofer et al, 2008)] but, as previously 
mentioned, its classical use is in the domain of image analysis: two or 
more images are compared and processed together, which enables to 
highlight contrast, decrease noise and make defects clearer. 


5.2. Data fusion in ID 


Working in one dimension means determining only one iflfcNlnatfon, 
indicator in our case, like porosity, saturation rate, elastK^%#dlilus or 
strength. Data fusion using possibility theory has beg fLc rllfen in the 
French project SENSO (Balayssac, 2008) becauseJt a^4/s combining 
heterogeneous information more or less precise^amiable, to provide 
global quantitative information with incre^tfed quality [(Zadeh, 1999), 
(Bouchon-Meunier and Marsala, 2003), (Bloch, 2003)]. This theory is more 
appropriate for this quantitative estimation problem than methods of 
classification. The data fusion differs from statistical methods because it is 
not based on probability. It tran^WrJUrc human logic to the analysis, with 
notions of possibility, imp civility aod uncertainty called fuzzy sets. 


y, inmac^A)^ 

* 


It is possible to wortfctfh one dimension (ID), two dimensions (2D) or 
more. In each case, tfie same 3-step process must be followed: 

(a) data representation via possibility distributions and fuzzy sets 

l^M on process with appropriate operator of combination 

(c) decision criterion. 


These steps are first explained and the results obtained in two 
applications, i.e. in ID and in 2D are then presented and discussed. 









5.2.1. Data representation 


The measurement and its uncertainty are represented by the existence 
possibility of the value measured. The possibility varies between 0 and 1. 
Its distribution depends on the standard deviation and it can be Gaussian, 
trapezoidal or triangular. One example is given in figure 34 with a 
trapezoidal distribution that will be taken in the following examples and 
applications. 



Central frequency of radar dj^c|wave (GHz) 

Fig. 34. Possibility distribution of the central frequency of the radar direct wave 

Secondly, this distribution musUipppfected through the conversion law 
that links measurement rq&ujt| the researched property (indicator), 
as seen in figure 35. Asf^wa^^en in the previous sections, many shapes 
of conversion curves ite p^sible. Here the work is done with a linear 
relationship, identified linear regression analysis of the data set. 

If three ND"L JS independently, leading to three measurements, the 
projection process is repeated three times, and leads to we three 
po ssibility distributions (tt^ 7t 2 , n 3 ) of the indicator. Different 

configurations can result (figure 36). 








Possibility 



































Fig. 36a-c. Three possible configurations for possibility distributions obtained via three 
independent NT measurements. 


In the above figure, the concordance between the different results is low. 
The distributions of possibilities for the indicator deduced from the three 
measures are very different. In the figure at the middle, the concordance 
is good and the three solutions for the indicator are similar. The third 
figure illustrates a typical case with real on site measurements, when the 
concordance is neither zero nor perfect. The data fusion process must be 
able to account for these various cases. 

5.2.2. Fusion process 

The fusion process requires a mathematical operate 
operator proposed by Delmotte (Delmotte, 2000) has 
self-adapting operator, depending of the concordance. The result is a 
"fused" possibility distribution, like that visib% as a dotted line in figure 
38. 



work, an 
be£n chosen. It is a 


> the decision 


n(u) Th n 2 



Threshold for the decision 


;. 38. Typical solution of the third case obtained by Delmotte operator. 


5.2.3. 


Decision 


The distribution of the possibilities for the three measurements merged 
generally highlights a solution, e.g. the maximum value or a range of 
values over a threshold as seen in figure 38. This threshold can be decided 
by the expert regarding the industrial context and the morphology of the 











fusion results. The height and the width of the distribution are quality 
criteria of the result after the fusion: the higher the maximum and the 
narrower the peak, the better the quality of the solution is. 


In the SENSO project, the reliability of each technique was also accounted 
for. The effect of reliability is to reduce the maximum amplitude of the 
distribution's possibilities and to modulate each individual possibility 
distribution. It was introduced thanks to a quality index obtained from 
statistical information on the laboratory measurements and varying from 
0 to 1 (LMDC-SENSO, 2009). It can also be defined by the expert, 
regarding the confidence that he has in the technique aw^ii^the 
measurement. These maximums are 0.8 and 0.6 for %e ^Jnd tt 3 
distributions on the example in figure 39. 



utions including the reliability. 


The purpose of the/^ta lesion being to find a solution with in situ 
measurements tha£Igg^ten in conflict, it would be useful to calculate a 
confidence index for the result of fusion. Such an index would probably 
help co^istndction works manager to take a decision. 

5.2.3lk. Example of strength estimate (ID problem) 


In this example, we work with the same data that were used in the 
previous section (§ 4.2.6., Table 2) and issued from Italian bridges in 
which rebound hammer, UPV and pull-out force measurements have 
been obtained, at many locations on several piers and beams. Thirteen 
cores for different locations gave the compressive strength by destructive 
testing. 










Empirical regression relationships can be identified from the 3 series of 13 
pairs (NDT parameter, core strength). These relationships will be used as 
conversion curves as explained at §5.2.1. The identified relationships are: 

V = 15.635 f c + 3909 r 2 = 0.51 

R = 0.1794 f c + 38.5 r 2 = 0.41 

F = 0.577 f c + 12.5 r 2 = 0.61 

For the three techniques V (ultrasonic velocity), R (rebound number) and 
F (pull out peak load). The r 2 is used as the modulating quality index 
introduced at § 5.2.3. 


progfa 


These relationships and coefficients were implemented in a program 
developed in the LCND laboratory. The different measuhE&ri Insets are 
tested and combined to extract the possibility distribyttbo^raximum of 
the strength estimated by the fusion software and^tn? measured one. 
Table 11 presents the strengths obtained by^jysiw from the three 
measurements, and the shift between th& $|jyj»!ited and measured 
strengths. RE is the relative error: RE = A strength / measured strength. 



Strength S 

AS 

RE = AS/S 

Point 

Merged 

MeajurejF' 

(MPa) 

1 

28.7 


7 —W --- 

0.6 

0.02 

2 

49.4 

35.1 

14.3 

0.41 

3 


y " 46.6 

5.6 

0.10 

4 


43.3 

8.8 

0.20 

5 £ 

2(f4 

35.7 

15.3 

0.43 

6 

27.9 

27.8 

0.1 

0.00 

A. 

39.9 

41.4 

1.5 

0.04 

k ? ' 

16.8 

25.1 

8.3 

0.33 

9 

36.4 

24.9 

11.5 

0.46 

10 

66.9 

63.8 

3.1 

0.05 

11 

23.4 

32.4 

9.0 

0.28 

12 

33.4 

33.0 

0.4 

0.01 

13 

34.5 

32.8 

1.7 

0.05 

mean 

34.1 

36.3 

2.2 

0.06 


Table 11. Merged, measured and shift strength for the 13 data sets 




























Conclusions from the results in Table 11 are: 


The shifts between the fused and measured results are very low for 
values showed in bold characters (Points 1, 3, 6, 7, 10, 12, 13) with a 
relative error smaller than 10 %. 

The prediction calculated for the mean value of all the results is very 
good. 


There are points that have a big difference between measured and 
merged results, i.e. poorly predicted. In these cases the possibilities 
distribution is generally like the one shown in figure 40 for 
(VC=0.43). 


ssibilities 


Figures 40 (point 5) and 41 (point 6) are a screen savinp*orlbe program. 
The window above provides the possibility distril^iMs for the three 
measurements while the window below gives the fusion result. For point 
5 (worst result of the whole series of data),^the concordances between 
the three distributions are very poor. The fusion result is not good and 
two local solutions (maximums) arjyaossible. The absolute maximum of 
the possibilities distribution after = 20.4 MPa) is considered to 

be the solution. However the^^pT solution (i.e. that the strength 
measured on the core) is 35^r^g^A/hich does not coincide with any NDT 
measurement! 



In such a case, the strength assessment, whatever the estimated value, is 
not reliable enough. Bfcause of the poor concordance, the NDT results 
for this poin fem ust be disregarded for strength assessment. One another 
possilptfty^LDulcMbe to repeat NDT measurements at the same location, in 
onder to Bet a other data set. 



















Fig. 40. Possibility distributions for the point 5 


fusion (RE=0.43) 
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Fig. 41. Possibility distributions for the point 6 before and after fusion (RE=0.00) 










































































Figure 41(Point 6) shows the other extreme situation, where the 
concordance is high, the reliability high and the relative error very small. 
It can be noted that, with the same individual reliabilities, the maximum 
possibility of the merged solution is larger in the second situation than in 
the first one. Of course, intermediate situations (i.e. average quality of 
concordance) are not uncommon. 


This example of data fusion in ID has shown that it is possible to improve 
the estimation of the concrete strength by combining several (here three) 
measurements. The fusion result is deterministic but it is more thar 
single strength value. Depending on good or bad concordance^*^ 
the measurements results obtained by different tecffijgil e can 
conclude that: 



os^bility increases 
e predicted value 


in the case of good concordance, the level 
and reinforces the confidence that we can 
of strength, A 

in the case of average concord^ce, we may have different predicted 
value of strength and the choice is very difficult. Data fusion gives a 
solution which is a "best compromise" with its confidence level, 


if the concordance 
indicated that the §oli 
measurements Mye4|L 


5.3. Data fus 


Wor 




too bad, the fusion result clearly 
posed cannot be trusted and that the 
arried on again. 


dimensions (2D) means working on two indicators that 
^pendent, i.e. when the determination of the one depends on 
the 3fc(Jhd. For example the measurements of the UPV vary with the 
porosity and the water saturation rate. So if we work with bilinear 
regressions built for two well chosen measurements, we can extract the 
two pieces of information simultaneously. 


This same basic property justified the use of multivariate analysis at §4, 
when it was assumed that two measurements having a different 



















sensitivity to uncontrolled factors may carry more information if analyzed 
together. The main difference here is that there is no a privileged 
parameter (e.g. strength) and a secondary one, considered as an 
uncontrolled source of noise (e.g. moisture) but two parameters taken at 
the same level. 


In the SENSO project, the goal was to provide quantitative evaluation of 
the following indicators: porosity rate, water saturation, modulus of 
elasticity, mechanical strength, chloride content and carbonation deg 
by using and combining different NDT methods. Because thj 
dependencies between different indicators, the work was dev 
the following pairs of indicators (Ploix et al, 2009): P(frosi m^ra te and 
water saturation - water saturation and elasticity p^edulp - water 
saturation and strength. 

A large number of measurements were carried oj/in fne laboratory on a 
representative range of concretes. 90 specimens were cast with 
controlled compositions and w/c ratios arTCNthey were conditioned at 
different levels of water saturation jBalayssac, 2008). The different NDT 
(radar, electrical resistivity and capt cif^ infrared thermography, impact 
echo and ultrasounds) had bqepru^ed to characterize and quantify the 
dependence of the measur^nent results to the changes of the indicators. 
Around 80 measura^^l^tti:ies were identified. 

This large database allowed assessing empirical relationships (bilinear 
regressions) for each technique between the measured parameter and 
the two varying indicators. These relationships and the level of variability 
as^ciat^ w||h each measurement were indispensable input for the data 
fusion process based on possibility theory. 


5.3.1. Data representation 

Following the same procedure as in the ID case (figures 34 and 35) the 
possibility distribution was propagated from the measurement to the 
properties. This is illustrated in figure 42. 
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Fig. 42. Principle of the propagation: a) bilinear correlation (cjfrv 
centre frequency and {porosity rate; water saturation, 
measurement c) The same seen from above. 




[surface) between radar 
Ability distribution for one 


The horizontal plan (figure 42a) ccjjfesponds to the value of the NDT 
measurement (here central frequency of radar = 1.1 GHz) and the inclined 
one to the bilinear regression. Xhe distribution of the possibilities for 
radar frequency in *he case of porosity and water saturation 
determination is givl^ ■fy re 142b. It corresponds to pairs of porosity 
rate and water Jsaty|$rtion values compatible with the radar 
measurement. It is dftcribed by a "trapezoidal tunnel of possibilities" 
whose magn'tud ? varies from 0 to 1. The most important possibility value 
is 1 ojadhe^top oKhe tunnel. 



fusion process in 2D 


The example shown below is obtained with four NDT measurements: UPV 
= 3961 m/s, impact-echo f = 5368 Hz, resistivity R = 502 Q.m (log (R) = 
2.7), Radar wave arrival time = 1.19 ps. So we get four traces that cross as 
shown in figure 43a. 
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Fig. 43. Possibility distributions for four NDT measurements and jmpct 

The fusing operator is the same as in lD # %)^^ratte') and the fusion 
results are given by the figure 43b. The zone ofkrossing is highlighted and 
the solution corresponds to the maximum value of possibility. Like in ID, 
it is possible to extract from the possibility distribution surface a 
confidence index, i.e. the cor/Seijce that we have in the results. The 
morphology, as a peak (figure 43cfindicates a solution that emerges from 
the possibility surface. fmttKis situation, a single solution emerges for 
which the confidencfis%gh: we can trust the calculated solution. 



5.3.3. Exa^nf^aoTstrength estimation (2D problem) 

The experimental data were obtained by using many different NDT on a 
series of specimens from eight concrete mixes and five water saturation 
rates (dry, about 40%, 65%, 80% and saturated). The destructive tests of 
strength determination were carried out according to ISO 1920-4. The 
data at extreme levels (dry and saturated) were used for building the 
conversion curves (multivariate relationships) between each NDT 
measurement and the pair of properties (strength, water saturation). 
Only results regarding strength estimate are discussed here. 











Table 12 shows the results of the evaluation from NDT and experimental 
measurements and their comparisons on 8 mixes. When the strength and 
the NDT measurements were determined from the same curing 
conditions (water saturation rate = 100 %), the results can be good as 
shown in Table 12. In the majority of cases the relative error was under 
10%. 



Strength S (MPa) 

AS 

RE = AS/S 

Mix 

Merged 

Measured 

(MPa) 

Point 

G1 

72.9 

89 

16.1 

0.22 

G2 

43.3 

50 

6.7 

0.15 

G3 

43.5 

42 

1.5 

■w 

G3a 

40.5 

38 

2 - 5 C 

006 

G4 

36.6 

37 

0.4 

0.01 

G5 

45 

42 

&>y 

0.07 

G7 

38.3 

39 

0.7 

0.02 

G8 

20.2 

25 3 

4.8 

0.24 


Table 12. Merged, measured and error in st mkgt h estimate for 8 mixes in the laboratory. 

Work is still in progress to find the best combination of NDT in order to 
improve the quality of asiessiren^, depending on the property that is 
looked for. 

"V v. 



6. Conclusions 

llfck 

it^^jermination by NDT, the objective is to reinforce confidence 
3tion. When the various measurements to be combined lead 
to ^jgjtfStible assessment, the data fusion process finds the best 
compromise and also evaluates the level of confidence of this 
assessment. When the measurements show some discrepancy, this 
discrepancy is highlighted by the data fusion process that provides an 
assessment but tells that it is not so reliable. In that situation, it remains 
possible to carry on new NDT measurements at the same point. 













Of course, in data fusion, as it is the case when one uses a single 
technique, or when one combines two techniques and uses a multivariate 
regression model, always requires a calibration step. This calibration step 
comes to identify the "conversion curve" (or conversion surface) that 
links the measured value to the parameter(s) that are influencing this 
value. 


It has been explained in this chapter: 


How a variety of non destructive techniques can be used in order to 
assess the concrete strength, and how their use can be Iwited 
because of the variety of concretes, the variability in environmental 
conditions or the existence of many uncontrolled factc^%*>/ 

How conversion curves (or surfaces) can be calib^Ml land used in 
order to provide a quantitative estimaM" oVHocal and/or 
characteristic strength. A specific focus hasj^np^en on the quality 
of the estimate and on how it depends cm i hln Cimber of points used 
in the assessment process. 

Recent research results on multivariate analysis (giving a new youth 
to classical procedures like th^^^eb method) and on data fusion 
process have been discusse 


In all cases, the need t 
measurement condi 
information about tf 
quality of the asj 
factor. This knc 


order t 



ci good knowledge of experimental 
n^fas'Wen pointed. It is always important to get 
leasirement variability (which influences the final 
t) and about the possible uncontrolled influent 
e can make it possible to correct their influence, in 


he final assessment. 


TM development of tools like data fusion offers opportunity for obtaining 
in tF%(p€xt future not only the strength assessed value but also the 
quality of this assessment. 
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This chapter is devoted to the assessment of the geometry 
of concrete components. This is of interest for many 
structures, for which the testing solutions may differ, 
according to the environment and to constraints like 
accessibility. We have chosen to discuss possible solutions 
for pavements, thin elements (mainly concrete slabs and 
tunnel shells) and foundations (shallow foundations and 
piles). 

7. Problem description, testing tasks 



7.1. Pavement 
Testing problem 

The thickness of pavements on bridge deckDWelevant if the pavement or 
parts thereof have to be removed without destroying the sealing which is 
in most cases present between the pavement and the concrete surface. In 
combination with a geodetic survey the pavement thickness also allows 
for the calculation of <heof the concrete surface beneath the 
pavement which is %Ln l^ny cases relevant for the planning of 
rehabilitation. The t/ickrfess of single pavement layers is of little interest 
on bridges. TWTtondition of pavements is an issue. However the 
definition ofcs^amage and its relation to the results of non-destructive 
testings i^kstraightforward. 

Meth ods: Ground Penetrating Radar (GPR) 


Level of interpretation 


NDT inspections are carried out covering the whole surface of bridge 
decks, along single lines and on limited areas. As modern GPR equipment 
is capable of acquiring hundreds of measurements per second, data are in 


many cases acquired along single or parallel lines. In the case of parallel 
lines, the spacing between those lines is a cost relevant factor. 

Accuracy/Uncertainty 

An accuracy of better than 10 mm is often required and can be obtained 
with the help of a limited number of cores for calibration. 


Special difficulties 


The inspection of pavement thickness is a routine application of t 
method. Adapted equipment is required (high temporal sampjim^r 
GPR unit and high frequency (> 1GHz) antennas). 


pling r 



of 


7.2. Thin elements 


iiells of tunnels 


7.2.1. Thickness of inner shells 
Testing problem 

The aim is tocontrol the thickness ajygner shells of tunnels, especially for 
indicating reduced thickne^s > ~ |^e jy iain purpose is the quality assurance 
(in Germany, this is recommended by Ministry of Transport, BASt - 
Federal Highway Research Institute). An important aspect is the 
protection of the sealii% which is located between the rock and the 
internal shotcrete layer. The layer thickness is typically 15 cm to 60 cm. 

Methods:JtftrasVtics, Impact Echo, Ground Penetrating Radar (GPR) 

of interpretation 


The whole length of tunnels has to be inspected. When using Ultrasonics 
or Impact-Echo, the acquisition grid is usually 80 cm x 80 cm, and 40 cm x 
40 cm around joints. In areas of estimated anomalies it has to be reduced 
to 10 cm x 10 cm. When GPR is used, the distance between single 
measurements can be reduced to values of less than 1 cm in the direction 











of the antenna movement. Results of large areas have to be presented in 
single plots to enable an overall view of the situation. 

Accuracy/Uncertainty 

A typical value if the desired uncertainty of the measurement is 2 cm. 

Special difficulties 



Quality assurance demands the measurement of large areas. For the 
interpretation of the results, point measurements are evaluated and then 

J*mk, ^ 

combined. They are visualised as line scans (for details see Chapter 2): In 
the case of difficult site conditions (e.g. dense reinfcfcen i^ritJ rough 
surfaces or anomalies) advanced data processing ma^Jaea^ful. When 
using Ultrasonics or Impact-Echo, the location and density of the rebar 
should be known or measured with adequate mgjn ll^fe.g. commercial 
imaging systems or GPR). 

A thickness measurement requires a suffial^iphysical contrast between 
the layers. For example, if there is no sealing, the difference in the 
acoustic impedance between concrete and the next layer (e.g. lime stone) 
may not be large enough. 

. X 

Areas, where reduced thlckn»5 is indicated, have to be repaired. This is 
usually carried out with special injection mortars (or synthetic resin). The 
success of the repair can only be verified by mechanical methods, if there 
is a good bondirfjg between the concrete and the injection mortar. 


slabs 




Bottom slabs of factory floors or car parks are typically 10 cm to 20 cm 
thick. As far as structural safety is concerned, the exact fulfilment of 
predefined thicknesses is not a crucial point. But since the production 
costs of large surfaces are very high, there is often a dispute between 
customer and contractor about the correct use of materials (cement, 


concrete, cast plaster; often special plaster). In this case, an accurate 
thickness control may be useful. 

Methods: Ultrasonics, Impact-Echo, GroundPenetrating Radar (GPR) 

Level of interpretation 


As bottom slabs can be very large, the inspection can range from single 
locations of special interest to acquisition grids of lm x lm (Ultrasonics 
and Impact-Echo). 


Accuracy/Uncertainty 


* 

The desired accuracy is 1 cm or better because of the high matenal < 

Special difficulties 


r 

cost. 


When high accuracy is demanded (uncertainty lower than 10 mm), the 
signal velocity has to be known very accurately. Since there is a variation 
between 1 % and 5 %, the velociM has to oe calibrated following the 
demand of uncertainty. , 

. 


7.3. Shallow foun^^mi^ 
Testing problem 



Many foundatid^ of demolished structures have the potential of reuse. 
In orcter evaluate their integrity, several questions have to be 
answereeL l^ortant results have been obtained within the research 
ffroject RUFUS (Reuse of Foundations for Urban Sites; EU 5 th framework) 
(Taffe and Niederleithinger, 2006). 


Relevant parameters are: 


• Geometry of slabs 

• Location of piles and strip foundations between slabs 
































• Structures and materials beneath the foundation (soil, lean concrete 

layers,) 

• Reinforcement size and location, often several layers 

• Integrity: honeycombing, badly compacted areas, cracks 


Methods: Ultrasonics, Impact-Echo, Ground Penetrating Radar (GPR) 


Level of interpretation 

Since foundation slabs are usually heavily reinforced, a dense acquisiticm 
grid is often necessary to obtain the required informratiol. me 
interpretation of single point measurements is rarely suffic^at^^ 

Ov' 

Uncertainty (accuracy): 2 to 5 cm, 5 % 

Special difficulties 

In order to decide, which NDT-method icable, the reinforcement 

ratio and/or the density and di^taeter of rebar should be known. 


Commercially available equipment 
obtain that information. 




s cover-meters can be used to 


much faster than methods applying 
iPRJf more sensitive to dense reinforcement and 
ay be limited because of moisture in young 


Measurements with 

y 

mechanical waves, b^ 
depth of penetrate 
concrete. 

rc 

For uUCasrfhic echo methods, a smooth surface is required. 

fepth of inspection for acoustic methods (ultrasonic-echo, impact- 
echo) rslimited by the first reflecting layer. This is also valid for very thin 
air-filled layers or sealings (e.g. bituminous sealings). 


The accuracy (uncertainty) of the measurement depends on the exact 
knowledge and the homogeneity of the signal velocity. It can be 
measured with cores or estimated from the signal velocity at the surface. 







A reflection from the bottom of the foundation slab is required for the 
investigation of the slab thickness. This reflection will only take place if 
there is a sufficient contrast in physical properties between concrete and 
the subjacent material (density and/or elastic modulus for acoustic 
methods, capacitive measurements and/or conductivity for GPR). In 
addition, because of the limited resolution of all reflection methods, the 
bottom reflection may not be separable from a low lying layer of rebar 
which would reduce the accuracy of the thickness measurement. 


7.4. Deep foundations, piles and shafts Z 1 

•. I,,. J 

Testing problem 

Deep foundations are mostly below the groygd ar>d therefore not 
accessible to visual inspection. The quality of foundations should be 
verified to ensure structural integrity to carothe required loads without 
bearing capacity failures and to liiwt displacements of the structure to 
acceptable levels. This quality control can help to avoid or limit an 
overdesign of the foundation. In ^attjp llar. the following parameters are 
relevant: 


• the pile length/ 

• the cross-sectic 


& 

DidflU^To be in conformity with the design, 


to obtain a corr 
• the ovejaJr 


which must correspond to what had been planned, 
/ice load of the pile, 

City of concrete, including the possibility of localized 
anooralislL(v<3fcte, areas where concrete and soil are mixed...). 

Ca^t-in dVIled holes (CIDH) piles are also inaccessible to visual inspection 
and very prone to contain zones of compromised cross-section due to the 
casting process, like the collapse of the excavation prior to concrete 
placement. Quality control must be employed to identify such problems. 
Non-destructive evaluation (NDE) after construction can be used to check 
the acceptability of the construction work in meeting the performance 
specifications. 


Methods: Ultrasonics, Seismics and Radioactive Testing 




Level of interpretation 

The estimation of the length is the first objective. A numerical value is 
expected to verify that the pile reaches a layer of good properties or has 
enough friction. 

Regarding the cross-section, irrregularities (necks or bulges) which could 
inducea lower pile strength and their vertical position are important. 


is b ath in 
ther with 


Heterogeneities and voids should be detected and their locations b$ 
the vertical and horizontal directions have to be defined togeth 
their magnitude (what percentage of the cross-section is affecl^S^"^ 

Defects and heterogeneities affect the carrying capacity (Id vertical or 
lateral loadings) of foundations. However, pnce defects are 
detected/localized/quantified, their influence on ^the mechanical 
properties is still unknown. It is suggested, ® define criteria for the 
characterization of heterogeneities (size or volume or the percentage of 
variation of material physical prop/ttties like wave velocity) before final 
decisions regarding the pile integrity are tgken. 

Accuracy/Uncertainty: 4 % (wimjcnown signal velocity) 

Special difficulties XV 

The main difficulty is trait these structures are not directly accessible. 
During the corfpmffion works, their upper surface, waiting to be 
connected ta«be%uperstructure, remains free, but it is not the case when 
existing structures are inspected. Some techniques require equipped 
t^es and can only be used if this has been planned before the 
con^upnon. Another difficulty, common to many NDE techniques, is that 
the assessment requires assumptions (like the wave speed), which can 
induce some uncertainty on the results. 




















8. Common techniques 


8.1. Pavement 



The inspection of pavement thicknesses on bridges is a common 
application of the GPR method. Pavement thicknesses are investigated on 
whole bridge decks or parts thereof. Data are usually acquired along lines, 
the combination of several lines can lead to pseudo-3D results. There are 
many reasons for pavement inspections on bridge decks. The knowledge 
of the pavement thickness can avoid the destruction of the sealinf^vhen 
the asphalt is removed during rehabilitation work. The cornbjrfamrKof a 
GPR inspection with surveying of the asphalt surface provides a detailed 
knowledge of the height of the concrete surface beneatfHd^pavement. 
There are systems from several manufacturers, producing antennas in a 
wide range of frequencies. For the investigation of pavements, horn 
antennas are useful because they can be operate® iamon-contact mode. 
This facilitates the use of mobile acquisition QniOTSr large surveys (Figure 
1).. 


Fig. 1 . Mobile GPR acquisition unit. 





Example of the use of GPR for thickness survey 


A ramp leading to a bridge (Sihl flyover) is shown in Figure 2. A GPR 
survey was carried out on this ramp using EMPA's mobile acquisition 
system presented in Figure 1. 



Fig. 2. Ramp of Sihl Flyover. 


Fig. 3. Data set fromj 
time in nanosecond 


The acquisition parameters and the equipme 
as follows: 


GPR unit: GSSI SIR-20 Ant 
Acquisition speed: 10 km/h Tj 



|ver, vertical axis - 
ital axis - length in 


can be summarized 


: GSSI Model 4205 horn; 1.2GHz 
: 40 Samples/Scan: 512 


As there are no standartl^^^^quisition parameters available, they have 
to be selected carefully based on the knowledge of the GPR method, the 
problem under insp|ctw^and the actual situation (e.g. traffic situation, 
availability of ac^i^)^^nformation, budget, etc.). 



A 40 m Iggg r%iargram from this ramp is presented in figure 3. The 
reflection at the asphalt - concrete interface is marked with a white 
afrifcw. The corresponding GPR result for the pavement thickness is shown 
in Figure 4. The signal velocity used for the conversion from time to 
depth/thickness was 0.143 m/ns. This velocity was obtained with the help 
of a borehole. In order to examine the quality of the GPR results, the 
pavement was removed along the line with an excavator (Figure 5) and 
the pavement thickness was measured manually with a ruler. Thus, the 
GPR results could be compared with the real pavement thickness. 




















Fig. 6. Compar^BTHl^Ween GPR result and reality for thickness (in mm) of asphalt pavement: 
dashed^fce-&fcTesult, solid line-reality as measured with ruler along opened pavement, dots- 
ab|plute dmfcrerrce between GPR result and reality. 


In figure 6 the GPR result (dotted line) is presented together with the real 
pavement thickness (solid line) and the absolute differences (dots) 
between reality and GPR result. Obviously, there is a good agreement 
between GPR result and reality. The mean difference between GPR 
results is 5 mm, the maximum difference is 17 mm. 


















































Accuracy and reliability of results 


EMPA has carried out a research project sponsored by the Swiss Federal 
Roads Authority. GPR inspections were carried out on five bridges 
designated for demolition. Results were laid open before the bridges 
were taken down. During demolition GPR results were verified by 
measuring pavement thicknesses with a ruler along the edges of lines 
where the pavement had been removed with a milling machine or/fl^ng 
lines where the pavement had been opened with an excavator (see 
example above). Details of this approach are described in^STM staidards 
(see reference below). The mean difference between GPR results and 
results obtained with the ruler was 9mm. GPR results for the pavement 
thickness were obtained on 95% of the sections inspected. No result was 
obtained on 5% of the sections inspected because of various reasons such 
as that that was no pavement (on joints, gulll hlfflfs,...) or because of the 
limited vertical resolution of the GPS methcxNI zones were the concrete- 
cover of rebar was too small. Other studies resulted in similar accuracies 
as listed in Table 1. 



Reference 



_ 

ected accuracy: +- 7.5% (typically 12.7mm) 


[Maser et al., 1994] 
[Maser, 1996] 
[FDoT, 2000] 


[V^^t an/ Rister, 
2002] 

[Al-Qadi et al., 2003] 

[Hugenschmidt and 
Mastrangelo, 2006] 


ccuracy (vs. Cores): 3-10% 

Difference GPR prediction-measurements (field 
data): 1.5-20mm for Marshall sections, » 
20mm for Superpave sections 

GPR calculated thicknesses vs. core 
thicknesses: +- 0-6mm 

Average thickness uncertainty: 3.7-6.7% 

Mean absolute uncertainty (field data): 9mm 


Table 1 . Accuracy of GPR results for pavement thickness measurements, Results from various 
studies 







































Guidelines 


• Standard Guide for Using the Surface Ground Penetrating Radar 
Method for Subsurface Investigation, Annual Book of ASTM 
Standards 2005, Section four, Construction, Volume 04.09 Soil and 
Rock (II), D5714, Designation: D 6432 - 99 


ASTM D6087-03 (2003), “Standard Test Method for Evaluation asphalt- 
covered concrete bridge decks using ground-penetrating radar”, ASTM Int., 
PA, US, 4 p. 


Merkblattuber das Radarverfahrenzur Zerstorungsfreien Prilfj 
Bauwesen (Instruction leaflet about the radar method f 
destructive-testing in civil engineering), German Socie 
Destructive-Testing, February 2008, revised edition 
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8.2. Thin elements 


8.2.1. Thickness of inner shells of tu 





y 


The inner shells of tunnels are usuimy concrete slabs in the range of 10 
cm to 40 cm as described in thickness measurement, three 

methods are principally suifcd: Ultrasonic echo, Impact echo and GPR. 

The quality assuran^i of thickness of inner shells of tunnels using NDT- 
Methods is described imirguideline of the German Ministry of Transport 
(BMVBS). It is recommended for all tunnels funded with public money, 
the costs h ^ig^ Me considered in the tender [BASt, 2001, Guideline Rl- 
ZFP-TJ4T Pbr tne measurement only engineering offices and companies 
are perrmteck which have passed a qualification test at a concrete slab. 
ThimLs organised and controlled by the Federal Highway Research 
Institute (Bundesanstalt fur StraGenwesen, BASt). 


8.2.1.1. Ultrasonic echo 

Since the control of the thickness is demanded at many points all over the 
surface, all equipment with ultrasonic A-scan indication can be used. The 








data are stored following the measuring grid and visualised afterwards. 
The criterion of clear echo indication has to be taken into account, which 
is normally a signal to noise ratio of 6 dB (factor 2). 


If a measurement point is situated above a reinforcing bar, the 
determination of the thickness may be hindered. In this case the point 
has to be moved some centimeters to obtain a good back wall reflection. 
In case of dense reinforcement or large diameter, the location of rebar 
may be determined with electromagnetic methods during a preparatory 
study. 

As a fast measurement procedure is desirable, ultrasomc^quipmelit with 
dry contact transducers (point contact) is preferred, since they don't need 
coupling agent. The equipment that is currently com^^ljally available 
uses shear waves. 


8.2.1.2. Impact echo 

Commercially available impact/£^^kquipment working with steel ball 
excitation or solenogi impactors is suitable for point 

measurements. Neaj^tiie^dgCTT)f the casting segment the user has to be 
careful because of po$^H||e^dge effects. The thickness is determined via 
the Fourier Transform of the time signal. As there is currently no general 
criterion available for the quality assessment of this signal, experienced 
and trained operators are required. 



RAthe extermination of the thickness, the signal velocity has to be 
caliDfcfc#0. Since thickness measurements are mainly used for quality 
assurance on new structures, this is effectuated normally on test 
specimens, which are produced simultaneously with the tunnel wall. In 
many cases the knowledge of the absolute thickness is less relevant than 
the localization of areas with reduced thicknesses (see §7.2.1). Thus, an 
exact frequency reading is often more relevant than an accurate 














knowledge of the signal velocity because this velocity can be assumed 
near to constant on structures of constant design and age. 


Example combining Ultrasonic echo and Impact echo 



In a new tunnel on Germany's motorway A1 (Figure 7) the thickness of 
the inner concrete shell was inspected using Impact Echo and Ultrasonic 
Echo. Signal velocities were calibrated using test specimens that were 
produced in parallel to the construction of the inner shell, a first 
reference point with known depth to an added metal reflector 
second reference point with known concrete thickness. It turned out that 
only the second reference point enabled a precise com^rison between 
known concrete thickness and the corresponding rgffe^tjoPf in the 
recorded dataset. This applied to both Ultrasonic Ecbc^^W mpact Echo 
and is probably due to the unfavourable geometry of th^specimens and 
the lack of a unique correspondence between rqjl^tjans and the position 
of the metal plate for the first reference 


7. Inner shell of a new tunnel on Germany’s motorway Al. 


In Figures 8 and 9 the results of the two methods are compared. The 
thicknesses obtained with both methods are almost identical. 






1.3. Ground Penetrating Radar (GPR) 


As mbdern GPR equipment works with high pulse repetition frequencies, 
GPR is used normally as a line scanning method. The distance between 
two measuring points along a scanning line is very small. Thus the method 
simultaneously localises rebar, which is useful additional information. 


A disadvantage of the GPR method is that it is rather sensitive to 
moisture. This means that the electromagnetic waves are attenuated by 














the moisture content of young concrete. Additionally the method is more 
sensitive to the shielding effect of rebar than the acoustic methods. 

Example of use of GPR 

A field experiment [Hugenschmidt, 2003] was carried out on a 12 m long 
test site, where different wall types were available and where the details 
of their construction were well known. Figure 10 shows a view of the 
section inspected. The concrete is marked with arrow "A", the sealing 



r all with waterproofing-membrane. 
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Fig 11. Wall types on inspected section. 



The dataset presented in figure 12 was acquired in longitudinal c^fectil 
with the GSSI model 5100 antenna. The distance between th^SinJfete 
surface of the tunnel wall and the rock surface (not equaf^i% concrete 
thickness in sections with waterproofing membrag ^Jb ^tfuse of a 
drainage fleece between membrane and rock) is vaur^ng between 0.15m 
and 0.4m. It is known as it had been recorded^»trln$verse sections in 
distances of 0.5m before the wall was builU"l%e maximum distance of 
0.4m should not cause problems with the depth of penetration of the 
antenna used [Hugenschmidt, 200 


Fig. 12. GPRdata from tunnel wall, length = 12 m. 


In sections where the membrane is present, there is a clear reflection 
from the concrete-membrane interface. No reflection is caused by the 
concrete-rock (siliceous limestone) interface. This is likely due to the 
similarity in material properties of concrete and rock. 



8.2.2. Guidelines 


• Merkblattuber das 

RadarverfahrenzurZerstorungsfreienPrufungimBauwesen 
(Instruction leaflet about the radar method for non-destructive¬ 
testing in civil engineering), German Society for Non-Destructive- 
Testing, February 2008, revised edition 


• RI-ZFP-TU: Richtlinie fur die Anwendung der zerstorungsfreien 
Pufung von Tunnelinnenschalen; Ausgabe 2007-12.In: ZTV-ING, Teil 
5: Tunnelbau: Geschlossene Bauweise, Anhang A. Verkehrstett- 
Sammlung Nr. S1056 (2007), pp29-35 


Guidance on Radar Testing of Concrete Structures, Qancfete Society 
Technical Report 48, The Concrete Society, Slough, 1110%^^*^ 

/vr 


8.3. Shallow foundations 


The choice of technique depends maj4k£. P n the thickness of the 
foundation and the amount of reinforcement. In some cases (e.g. recently 
completed structures) the moisturef content within concrete may also be 
relevant. Although the succes<%^fDT-techniques depends on many 
additional aspects, mecharilrf *£^nods such as Ultrasonic echo or Impact 
echo will have in maay cp|gsIWrger depth of penetration than GPR. 

x> 




n the thickness of the 


echo will have in ma 


Exampl 


UltrasanicMs^^tions were carried out on the Large Concrete Slab (LCS) 
(figure 13 ) with varying amounts of rebar described in more detail in 
§4.2.2. Broadband low-frequency transducers were used. Dry point 
contact sensors that do not need a coupling agent have been used 
[Shevaldykin et al. 2003]. 
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Fig. 13. Investigated sectionmdheTbufldation slab including pile heads and strip foundation. 
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Fig. 14. Automated ultrasonic measurement at test site. 
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For a reliable imaging of the complex geometry an automated transducer 
positioning system (scanner) has been used (figure 14). Data (8000 
measuring points) have been recorded and processed with the help of 
reconstruction calculation. The so-called SAFT (Synthetic Aperture 
Focusing Technique) focuses signals received at many aperture points by 
coherent superposition, yielding a high-resolution image of the region of 
interest. The following images are results of SAFT-reconstruction. Various 
sections through the reconstructed data volume can be processed and 
layers with significant reflections become obvious and visualise in tmn al 
objects and geometry. 



Fig. 16. Section at depth of 75 cm indicating 
the pile heads. 


Figures 15 and 16 show the section parallel to the surface at depth of 
125cm and 75cm. The expected reflection of the back wall of the different 
slabs and the strip foundation at corresponding depth are clearly visible. 
In upper left and upper right corner (dashed circles) two small areas show 
no back wall reflection. This is where the pile heads are located because 



















the signals propagate from the slab further into the piles and are not 
reflected at the depth of the back wall. 

For the reinforcement ratio along a-a, the vertical cross section is 
presented in Fig. 17. The back wall for both depths is clearly visible. The 
interrupted back wall reflection between y = 700mm to y = 1000 mm 
results from the pile head in that area. 


For the high reinforcement ratio along b-b (figure 18) only in the non- 
reinforced sections a clear back wall signal appears. In the section^^Jh 
upper and lower reinforcement a strong reflection in the surface near 
depth is visible but no significant reflection of the back w^jl occurs. Only a 
weak signal at the 75cm section allows depth estimation. 

If the 28mm diameter reinforcement is present onl^ in the lower level, as 
shown along section c-c, the reinforcement bac^^o^dce a reflection in 
addition to the back wall reflection a few centilitres above (figure 19). 
Only in the 7cm section the reflections frfem the reinforcement and the 
back wall can be distinguished. 

The three sections of figure 17 that the back wall (dashed line) 

does not match in every sectiofvw^ the recorded reflection. The reason 
is that only one approflmc^^ultrasonic velocity has been considered. 
The difference between r^Tasured reflection and expected reflection 
indicates that for every.section its ultrasonic velocity depending on the 
reinforcement r|So .has to be considered. This will be part of further 
investigatiopP^nffie validation process of thickness measurement with 
ultras 



Cross-section d-d shown in figure 20 also reveals the geometry of the slab 
and the location of the piles. The back wall reflections at 75cm and the 
bottom of the strip foundation at 125cm are clearly visible. Also the 
detected width of the strip foundation of 50cm and its location agree well 
with reality. The interrupted back wall echoes at the depth of 75 cm 
between x=800 mm and 1100 mm and x=3850 mm and 4150 mm mark 
the location of the pile heads. 









Fig. 17. Cross section a-a with 012, s=15 cm (only lower reinforcement). 
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Fig. 18. Cross section b-b 028, s=10 cm (u] 
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Fig. 20. Cross section d-d revealing the slab geometry and location of the pile heads. 






































8.3.2. Guidelines 


Standard Guide for Using the Surface Ground Penetrating Radar 
Method for Subsurface Investigation, Annual Book of ASTM 
Standards 2005, Section four, Construction, Volume 04.09 Soil and 
Rock (II), D5714, Designation: D 6432 - 99 

Merkblattuber das 

RadarverfahrenzurZerstorungsfreienPrufungimBauwesen 
(Instruction leaflet about the radar method for non-destru€fl ||-y 
testing in civil engineering), German Society for Non-®est|uctive- 
Testing, February 2008, revised edition 

Reuse of Foundations for Urban Sites, A BegfTn 
Handbook, result of a research project injWr^me of the 5 
frame work, IHS BRE press, 2006. 

Guidance on Radar Testing of Structures, Concrete 


th 



Concrete Society, Slough, UK 


Society Technical Report 4 


8.4. Deep foundations lltaf fs and piles 

... 

Two families of technique^both based on propagation of mechanical 
waves, are used irlcommon practice for cast in place piles quality 
assessment ("PET" fcpr pile echo testing or PIT for pile integrity testing), 
the first being based on the analysis of the echo of sonic waves, the 
second relying on the ultrasonic transparency analysis between a 
t^smitt% and a receiver. Two of these methods have been standardized 
countries and they have several variants which are briefly 
described in the following. Table 2 synthesizes the ability of various 
common and special techniques. 


In the following, Sonic (PET) and Crosshole Logging (CSL) are discussed as 
common techniques, thus the other techniques will be presented at §3. 













2.4.1. Sonic echo - Pile echo testing 

Pile echo testing (PET), also known as low strain dynamic test, sonic echo test and 
low strain integrity test) is a method for condition assessment and length control. 
The name M low strain dynamic test” stems from the fact that when a light impact is 
applied to a pile it produces a low strain. The impact produces a compression 
wave that travels down the pile. The lower end of the pile or changes in the cross 
sectional area, such as a reduction in diameter or material changes, such as 
defects, produce wave reflections. 


Logging 


Seismi 


PET IR IL CSL CSLT SSL 


*iO 



Table 2. Ability of the different (common and special) techniques for the investigation of piles 

Legend: PET = pile echo testing, IR = impulse response, IL = impedance logging, CSL = crosshole 
logging, CSLT = crosshole logging tomography, SSL = single hole sonic logging, PST = parallel seismic 
test 

: with limits on the perimeter of the pile 




PET, which originated from the Netherlands [van Koten and Middendorp 1980], is 
the most common method for testing the integrity and length of piles of all kinds. 
In its original form, the test involved a vibration imposed through an electro¬ 
dynamic device, such as to impose a sinusoidal force of constant amplitude. 
Thanks to advances in signal processing, it is now performed with a single hand 
held hammer. It has been normalized in widely accepted standards (ASTM 5882, 
NF P 94 160-2, DGGT EAP). The test also requires an accelerometer or geophone 
placed on top of the pile to measure the response to the hammer impact, and a data 
acquisition and interpretation electronic instrument. 




Pile length L is estimated from the At time of arrival of the way€ 
velocity c being given (Figure 21): # % / 

L=cAt/2 

The quality of the length assessment depends c^^i^uality of the wave 
velocity estimation. The assessment will noMA m^m y small but perhaps 
structurally significant variations in c through weak concrete zones. 



Fig. 21. Principle of sonic echo measurement, after [Niederleithinger and Taffe, 2006]. 

The Impulse response method (IR) or Transient Dynamic Response (TDR) 
test is an extension of the sonic echo test. The method is based on 
















measuring the frequency and amplitude response of a pile induced by an 
impulse [Davis, 2003]. It requires an instrumented hammer to measure 
the impulse force on the pile top force in addition to motion (figure 22). 
The time domain signal is converted to frequency using the Fast Fourier 
Transform. 


This response, known as Mechanical Admittance (or mobility), contains all 
the information necessary to check pile integrity and to analyse soil 
influences (ACI, see guidelines). At low frequency the response is 
generally linear allowing measurement of pile-head stiffness, whjfle^^ 
higher frequency, the resonating harmonics of the pile are det^iffcj. 

Length is estimated from the distance between resonating'ftaks in the 
frequency domain (Figure 23): ^ ' 

L = c / (2 Af) 

where c is the velocity of longitudinal waves ^in concrete and Af is the 
distance between two resonating pf ' 


The quality of the length assessme 
velocity estimation. 
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Fig. 22. Performing the Impulse 
response method. 
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Fig. 23. Mobility curve. 
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The mean amplitude (P m - Q m in figure 23) of the resonating port 
the curve is a function of the impedance I of the pile, y^icfi depends on 
the pile cross-section A, the concrete density p c and the wave velocity: 

I = Pc A c = 1/ V (P m Q m ) 

4 ^ 

The mobility is the inverse value of the ip^^gance. It is also possible to 
derive the mass M of the pile from ^%lM 0 value: 

M = p c A L = 1/ (2Af M 0 ) 

The main advantage ofahll^^Mcho technique is that it is a quick and 
simple technique, once access is given to a clear and flat surface on top of 
the concrete pile pm^um age: 7 days).This crucial point for the 
accuracy of resists n^oires that any weak or loose concrete has to be 
removed. Vib ra ting reinforcement or other items connected to the pile 
may ^feo>wFfeclKdata quality. The equipment used is lightweight and 
potable ancPfs very rapid in operation: a single measurement only takes 
abate 30 seconds, so random spot checking is possible. The technique 
enables to identify the severity and vertical location of major defects. 


The sonic techniques can be adapted for the investigation of existing 
structures if near head areas of the shaft are accessible. The success in 
assessing in-service deep foundation elements depends on several 
factors. Simplicity and low cost of these methods are compelling reasons 
for their trial before more complex and expensive means are employed. 







Limitations: 


• data interpretation requires experience and expertise. 

• the accuracy of the length estimate or of the defect depth depends on 
an assumed stress-wave velocity, 

• there are some geometrical limitations, with a length limitation of 
approximately 25 to 50 diameters (depending on various factors, like 
the soil conditions), 

• multiple defects or those below a major impedance change cannot be 
discerned, 

• small defects are often not detected, neither gradual change in the 

pile section, # J 


• the technique is not sensitive to the horizontal location of a defect in 


the cross-section. 


2.4.2. Cross-hole sonic logging (CSL) 


Cross-hole Sonic Logging (CSL, als 
developed in the late 1970's in Fra 
tubes to be placed before ca 
technique can be very &f] 




* 






amed sonic coring in France) was 
s method requires PVC or steel 
is a major limitation but the 
in assessing concrete quality and 


evaluating the loca^off^^J^^ctent of defects. It is a very common 
procedure and has been standardized (NFP, see guidelines). 

It is based on the fact that the ultrasonic wave velocity is about 4000 m/s 
in plain concgfte but changes with compaction or when voids or defects 
are Tre ultrasonic (typically 30 to 50 kHz) wave velocity is 

measu reck continuously between a transmitter and a receiver located at 
the same depth in two tubes and which are progressively moved from the 
pile top to its bottom end (figure 24). 
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Fig. 25. Map of velocity at a giveri 
feet/sec) 

(http://www.nci.cc/AFT#nde^ 



Fig. 24. Principle of CSL measurements 
(http://www.ats- 

intl.com/expertise/geophysics.htmn . 


The tubes are filled with water to achieve a good couplin ^a rBr the test is 
performed when the concrete has hardened sufficient^ (7 days is a 
common delay). The wavelength (80 mm in go^ ^Terete) provides a 
good resolution. As long as the first arrival tjfl^fFAT) and the energy are 
approximately constant, one may conclude than the concrete between 
the tubes is uniform and flaw-free. 4 marked delay in the FAT and/or a 
marked drop in energy indicate an inferior concrete or some anomaly (a 
FAT delay like 10 % is sometimes referred to as an "anomaly" when a 20 
% delay is a suggested limb fdr^^ciefect" NFP 94-160-1, 2000). Of course 
any lack of parallelifm between tubes can induce false interpretation. 
Figure 25 provides an example of how FAT and energy signals can be 


processed. 
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Fig. 27. 3D-ima 


fs-hole sonic logging tomographic result (after [Hussein et al, 2005]). 


The process ~an be repeated by utilizing various combinations of access 
tubes to check around the shaft circumference and through its center 
(Figure 26 ). It is also possible to perform tomography (the technique is 
then named CSLT) by varying the depth between the two probes and 
multiplying the ray-paths (Figure 27). Its principles are identical to those 
of ultrasonic tomography. It is most commonly used when a defect has 
been identified by initial testing such as CSL. Tomography requires at least 
six scans per pile, which allows for a comprehensive assessment of the 
shaft quality. 



































Benefits and limits 


Advantages of CSL testing include: 

• no limitation on shaft length for test applicability 

• provides location of defects along shaft length and in cross-section 

• can detect multiple defects 

• is not sensitive to soil type 

• in most cases data interpretation is relatively simple 

The main disadvantage of the technique is that it requires placing acc^ 
tubes prior to concreting. The tested volume is that of concrefc^tetyreen 
the tubes and it does not cover the concrete outside the sf^cl cage. 

Finally, the interpretation, using tomography, requires both experience 
and expertise, since, e.g. artefacts can be generat^Hn Was with a low 
density of information. 3D tomography providd'^nigb pictures but the 
data processing is slow (cannot be done on stfe) and the added value can 
be small when compared to the time and cost required. 




2.4.3. Guidelines and standards 

^kj 

ACI, Non destructive mathods for the Evalu 
Structures, ACI 


Evaluation of Concrete in 


1998 


ASTM D5882-96, St; 

piles, desig 
ASTM D-676fl^tar 


est method for low strain integrity testing of 


rd Test Method for Integrity Testing of Concrete 
junctions by Ultrasonic Crosshole Testing, 1/2008. 

Ciaa Report M4, Integrity testing in piling practice (UK). 

DGGT, Gilman GeotechnicalSociety, WG 2.1., Empfehlungen des 
Arbeitskreises Pfahle, 2007. 

NFP 94-160-1, Auscultation d'un element de fondation, Partie I - Methode 
par transparence, 10/2000. 

NFP 94-160-2, Auscultation d'un element de fondation, Partie II - 
Methode par reflexion, 11/1993. 


































NFP 94-160-4, Auscultation d'un element de fondation, Partie IV - 
Methode par impedance, 3/1994. 


9. Special techniques and enhanced methods 
9.1. Possible enhancements 


Special techniques and enhanced methods are non-standard approaches to either 
standard or non-standard problems. There are several reasons for methods being 
non-standard such as cost, being still under development or lack of ^mlTied 
specialists. Enhanced methods are expansions and/or combination^ol^pmmon 
methods whereas special techniques include methods newly de^ 
methods applied to new applications. Enhancements often comj 
and imaging, thanks to increasing possibilities for comput; 
enhancements, several can be quoted: 





xistmg 
processing 
mong these 


with automatic scanning systems 


data acquisition, 


For GPR, Ultrasonics and Impact-Echo: Derffjt* 3-> 

D dataprocessing, techniques using 


For GPR and Ultrasonics: full 
varying transmitter-receiver off: 



• For GPR: Use of different pc 

For all techniques, data fu&ori^^utomated combination of data from 
different methods into oj^e daWset (see Chapter 8 for a detailed example 
on data fusion) offer new possibilities. For instance, for pile 
investigations, soniLecho and mobility techniques (§ 2.4.1) can be 
combined, mixing the information provided by the time-domain response 
of the sonic echo and the characteristic impedance measured with the 
mobility test. Thus the variation of impedance along depth, after 
Gc^^ctions due to attenuation, is drawn in a diagram called "Impedance 
Log" (IL in Table 2). 


The question remains however of its interpretation since both the 
concrete quality and the pile geometry can explain variations in 
impedance. In addition, if a strong defect exists near the pile top, it can 
prevent any correct analysis of the wave propagation below. 










































9.2. Special techniques 


9.2.1. For pavements and thin elements 




f^ fesumed 
and Desai, 
spersion curve 
fceiver locations 
of surface wave 
atef inversion algorithms 
fetical dispersion curve. 


The Spectral Analysis of Surface Waves (SASW) method can be potentially used 
to evaluate the thickness as well as the modulus profile of pavement sections. The 
outcome of the SASW test is the ‘dispersion curve’ which reveals the changes in 
phase velocity versus wavelength (or frequency). The inversion of pavement layer 
properties from the dispersion curve is a challenging task. For the traditional 
SASW test where only two receivers (at the time) are employed, the in^Hkm 
concerns only the single fundamental dispersion mode. The invert^Li (or 
backcalculation) process involves minimizing the difference the 

measured and theoretical dispersion curves (calculated for 
pavement sections) to find the matching pavement profile [Nj 
1993]. However, it was soon found that the fundamental mi 
obtained from the SASW test on pavements is dependent filrtE! 
and is actually formed by superposition of severaj 
propagation [Rosset et al. 1990]. This finding led to 
where the exact test set up is simulated to obtain ^e 
Therefore the same distortions are reproduced in the theoretical dispersion curves 
as present in the measured dispersion cjtoes. A vanety of optimization algorithms 
have been applied to SASW backcalcuL3»n problem ranging from manual trial 
and error to neural network and simimteoWhnealing [Williams and Gucunski, 
1995], [Al-Hunaidi, 1998]. The bd!fc<Stoalation of pavement profile from the 
SASW test is computationall^exjwisive and finding a unique solution of desired 
certainty remains a challei^e. 

ik A m. 

A multi-channel variatiOT^of ^\SW test, the Multi-channel Spectral Analysis of 
Surface Waves or MSwf has been recently used in pavement evaluation 
applications [Rydd^zWf]. Unlike SASW, MASW takes into account higher 
modes of surfacjyya/e propagation [Park et al., 1999]. A corresponding two 
dimensionalrenfttemiodal inversion yields more accurate inverted pavement 
profiles, cdnWrea to SASW [Ryden and Park, 2006]. However, a multi-channel 
daM collectioiradds to the complexity of field applications and data analysis. 

A conjuration of SASW and GPR can provide complementary information 
regarding both the thicknesses and the material properties of pavement layers. The 
layer thickness information from GPR can significantly reduce the computational 
efforts necessary for SASW inversion. On the other hand, SASW provides 
invaluable information about the mechanical properties of pavement layers which 
cannot be obtained from GPR. 













9.2.2. For deep foundations, shafts and piles 


9.2.2.1. Single-hole sonic logging (SSL) 


Also named "single hole ultrasonic test" (SHUT), SSL is a derivative of 
cross-hole testing. It has not been standardized. It was originally 
developed for cases where thepile was checked by core drilling, in order 
to increase the range of the inspection. The idea is simply to use the 
space left by coring for introducing two probes in the same hole. The 
technique has been adapted, with plastic or steel tube, and it has been 
shown that defects covering between 25 % and 65 % of the crdSikeMon 
could be detected. It can be used in minipiles of small diai^^e lfej which it 
is difficult to install several tubes. It is however limited to defects adjacent 
to the tube and it is usually used only when a jjfme^^haft requires 
integrity assessment after construction. 


9.2.2.2. Radioactive methods 


m 


Radioactive testing consists of lowering a gamma-gamma probe into an 
access tube. The gamma-gamm^pmUfe, which consists of a radioactive 
source and gamma photc^^^^wr separated by a length of shielded 
material, is loweredAndylfeiseMA/ithin the tubes. During the test, gamma 
particles are emitted into tie concrete. Some of the gamma particles are 
scattered back t o^^jii tector in the instrument. The test is performed 
continuously al%gi the pile length with gamma count rates collected at 
set intervals. The counter connected to the probe gives a measure of the 
concretK^ensity. Substantial drops in average bulk density readings from 
ia-^mma tests are indicative of the presence of anomalies in the 
mateTWT surrounding the inspection tube. The range of inspection is 
limited to 75mm around the tube. It is the only method which gives high 
resolution information about concrete cover outside the reinforcement 
cage. 



















9.2.2.3. Parallel seismic testing 


The principle of parallel seismic testing (PST) is comparable to that of 
sonic testing. It requires a small borehole in the ground parallel and close 
to the structure for housing a hydrophone or geophone (receiver). The 
length of this borehole must be larger than the assumed depth of the 
foundation. The main advantage of PST is that it does not need any hole 
within the concrete, making it well suited for existing structures. The 


sonic source is a shock on the head of the foundation to be investigated 
and the wave propagates through the pile, then through the soil between 
the pile and the adjacent borehole. The measurement is repeated while 
the receiver is progressively lowered in the borehole atid ^change of 
slope on the curve measuring the time of arrival of tfce wave against 
depth indicates the depth of the foundation. This te<^rp|lp provides the 
depth with a very good accuracy, if the borehole is ne^r the pile. It also 
requires that the borehole is tubed and a gopci£oi#)ling (with injection) 
between the tube and the ground). PST results are influenced by voids 
and defects in the pile but the metj|j)d is nollljitable for their detection, 
as travel time variations may also be caused by soil heterogeneities. 


This technique has been standardized: 


• ACI, Non destn^tiy^rriwhods for the Evaluation of Concrete in 

Structures, ACI 1998 

• NFP 94-160-3, f^usdoftation d'un element de fondation, Partie III - 
Methode si|rSfque parallele (MSP), 5/1993. 




.2.4. Mise a la Masse (MM), Magnetic (MT) and Induction (IT) 
techniques 


Several other techniques are available for the measurement of the length 
of reinforcement in concrete piles (which does not match the total pile 
length in all cases), sheet piles or steel piles. Mise d la masse (MM) and 
induction techniques (IT) are active techniques applying direct (MM) or 
alternating (IT) electrical current to the steel at the pile top (which must 
be accessible therefore). The resulting electrical or electromagnetic fields 




































are measured by a sensor moving in a PVC cased borehole (max 1 m 
distance recommended). The field strength drops at the level of the lower 
end of the reinforcement/steel pile. The magnetic technique (MT) 
measures the natural magnetic field strength which is influenced by the 
reinforcement/steel pipe. MT is less accurate and sometimes difficult to 
interpret, but does not require access to the pile. 



9.2.2.5. Combination of techniques 

The combination of techniques can be used on the basis of the limitations^ eaO 
single technique (for instance due to the need of access tubes) and omtfl^kajHity. 
It is generally used to improve the quality of the assessment.+For finst^ce, the 
depth assessment in sonic techniques requires assumptions on th^|^?velocity. 
[Niederleithinger and Taffe, 2006] suggest, from measuremegfs^a Irpilot test, to 
perform an additional parallel seismic test for one pile ^a^iop^/ne series to be 


tested. On this pile, the length being measured with 
can be calibrated and this value can be used for t] 
which only a sonic measurement will be performej 



uracy, the velocity 
ment in all piles in 


10. Benchmarks and test sites 


:tures with known geometries and 
n be used in several ways such as: 


Test sites are purpose-b| u* Im¬ 
material properties, 

• Test if a method solve a certain problem 

• Optimizatron ofTest methods 

• ComB^^w between different methods 
Stration and training 

||ways easy to obtain accurate information on such test-sites, 
whicflbiffe often designed within the framework of a specific research 
program, and do not offer open access to the public. The following 
section describes some permanent test sites that are available for 



professionals on request. 

























10.1. 


Pavements and sealings 


4.1.1. Test deck for sealings (LRPC Autun) 

Location: LRPC, Boulevard de I'lndustrie, 71405 Autun, France 
Contact: Christophe Aubagnac, LRPC 



adhesive 
thin sheet 


precast mono-layer 
sheet \ 


asphalt 
double-layer 


\ 

re/wiS^fft 


Fig. 28. LRPC test site, concrete slabs covere^Twnl|d*fferent sealings having different defects. 

This test site has been designe(^^OT?rion-destructive techniques for the 
detection of defects rented to sailings. It is composed of four concrete 
slabs covered with water^tooWg layers (figure 28). 

Three slabs are cov Ted %/ith different types of sealings having defined 
defects. The dimension of the concrete structures is 300*260*25 cm. 
They are c^ffc^^with a precast mono-layer sheet, an 8/22 asphalt 
double-law^naan adhesive thin sheet. 


They are 
double-layei ana a 

i. 


Road test site (LCPC) 


Location: LCPC, Route de Bouaye, Nantes, France 

Contact: Xavier Derobert, LCPC, Route de Bouaye, 44340 Bouguenais, 
France, xavier.derobert@lcpc.fr 










This test site has been designed in order to qualify the GPR performances 
used for pavement layer thickness measurements. Four different 
structures are implemented, with local metallic plates in order to confirm 
some particular interfaces. 
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Fig. 29. .Schematic structure of the road test site. 


10.2. Thin elements 




<? V 


4.2.1. Tunnels 


Reference specimen at MF 




;, Germany 


phone ++49341 6582145, dehn(5)mfpa- 


Contact: Prof. Dr. Fr 
leipzig.de 

The shell has a hickness of 40 cm and is made of external shotcrete, 
a fiber mat (2mrn), a sealing (2mm) and an inner shell. 

















4.2.2.1 Large concrete slab (LCS) 


Location: Federal Institute for Mate 
Unter den Eichen 87,12205 

Contact: Martin Krause^ht^jj Jj 
martin.krauseta) ' - ^ -- A 


m 


x. 

lin, Gerrr 




search and Testing (BAM), 
ermany 

9 30 8104 1442, 



The large concrete slab (LCS) is a one sided slab built by theFederal 
Institute for Materials Research and Testing. It is located in Berlin, 
GetmarV Tr^tlimensions are 4m x 10m with a thickness of 0.3m. The LCS 
i^^yided in two sections. The first section contains tendon ducts of 
differim diameters at different depths. Some of the ducts are 
intentionally ungrouted. The second section has areas with smaller 
thickness, precast honeycombs and a reference area with a steel plate for 
calibration purposes. Examples of measurements performed on this 
specimen have been given at §2.3.1. Others will be discussed in Chapter 5 
(§5.5). 
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Fig. 31. Large Concrete 
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4.2.2.2. Concrete wall soae}fttt^at LRPC Lyon 

siKJ 

Location: LRPC Lyon 
Contact: Pierre Roenelra^LRrC, Lyon 


Area 1 
























Fig. 32. The building of the test wall at LRPC, Lyon.^ 

A concrete wall in four parts has been built in 2003. Thj > thickn 




from 18 to 51 cm. Many ducts have been inserted 
without tendons (fig. 32 to 34), and with seyfr 
[Roenelle, 2006]. 


ess varies 
wall, with or 
routing defects 


Zone Z2 
140 mm ep£=S40 mm 





33. Concrete specimen "Wall", LCPC Lyon. 



























































































BAM Slab Foundation Test Site 


0 


£ 




Location: Horstwalde, Germany A ® 

Contact: A. Taffe, Federal Institutewfor Mamilials Research and Testing 
(BAM), Tel + 49 30 8104-4244, Alexagcer.taffe@bam.de 


For systematic thickne^ 
slab thickness a sp 
[Taffe et al., 2005]wi 




smmg subject to reinforcement ratio and 
signed foundation slab has been constructed 
Mowing features: 


• Area: 

\e of 75cm and one of 125cm thickness 
mdation (width 50 cm), height 50 cm below 70 cm slab 
tions with 10 different reinforcement ratios 
heads with diameter of 30cm below 70cm slab 
The structure of the slab is shown in Figure 35. Details of the specimen 
before concreting are depicted in Figure 36. Measuring sticks are used to 
verify the real thickness after filling with concrete. 





upper reinforcement 




lower reinforcement 


piles 


Fig. 35. Drawing of the foundation with ten sections (A0-A4, B0-B4) of 

ratio as well as strip foundation and pile heads beneath th^Tafl^^ 


Fig. 36. Photo o 


nidation’s inside before pouring the concrete. Measuring sticks as 
reference to measure true thickness. 


120 cm 


cm 


strip foundation 


foundation 

been regularly used to help NDE practitioners to develop 
and calibrate their techniques and material. For instance, in July 1988, 
FHWA (Federal Highway Administration) initiated a contract research 
study to examine drilled shafts for the effect of defects on performance, 
and to develop acceptance criteria for use by construction engineers to 
accept, reject, or modify a newly constructed drilled shaft. The study 
included the construction of 20 drilled shafts with and without defects for 









different soil sites located in California and Texas. All shafts were tested 
non-destructively using both surface reflection and direct transmission 
techniques to determine their effectiveness in identifying defects 
( http://www.fhwa.dot.gov/engineering/geotech/pubs/century/02.cfm) 



In other cases, blind tests can be performed on real piles, and the 
efficiency of the technique can be checked at the end of the process by 
extracting the shaft. This can allow a company to demonstrate its ability 
to a contractor [Gray et al, 2008]. Test sites can also be used to quantify 
the ability of a given technique (or of an improved technique) 
detect/localize/quantify model defects. These sites are often d^crljd in 
relation with a company which wants to test its own mdtyia LTw o such 
examples are: 

• A test site has been used at Auburn University, AllTBama (USA), in 

| j : 

relation with a material designer (Piletest) ,fucn as to show how 
model soil inclusions (sand bags fixed tefCr^sw^s) can be detected on 
four test piles by CSL or SSL [Paikowsky et al, 2000]. 

• A test site has also been desiSWl in Israel [Amir, 2002], with ten 
short piles (diameter of350 mm and a typical length of 3.50 m). Eight 
of the piles contained prl L ^OTcatedvoids, made out of thick 
plywood and sheet mlljfl boxes, at a depth ofbetween 1.50 and 2.00 
from the top of pllf*. CSL and SSL techniques were used, 
immediately after concreting, at 24 hours, 3 fays and 6 days. 

Other test sites can be designed with a more ambitious objective: that of 
improving the scietitific knowledge, the expertise of practitioners or the 


ND techniques. Two such examples are given below. 

■ u ^ r ^Tttsection of five shafts has been constructed at the National 
Geolfecfmical Experimentation Site (NGES) at Northwestern 
Jniversity, Michigan, to provide a controlled site where various 
nondestructive evaluation testing techniques could be performed 
(figure 37). 
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Fig. 37. Cross-section of NGES deep f< 
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n test site (after [Gassman and Finno, 2000]). 

Illinois, and it was selected by the 
FoyfcdaTWi (NSF) and the FHWA as a NGES in 1992. 

jjtu^Was constructed in fall of 1994 to provide a 
.her® different non-destructive evaluation methods 
ed to evaluate their ability to determine the 
f inaccessible deep foundations 

titi.northwestern.edu/proiects/NDE/chs ch3.html#l ). 
Twd of'tirfese shafts were constructed with known defects (one with 
k.a horizontal crack, the second with a necking obtained with 
sags).Field test were PET, IE, CSL and PST, with the purpose of 
evaluating the ability of the cross-hole sonic logging test to identify 
the defects present in the shafts, and to determine the effects of the 
concrete age on the test results (four ages from 7 days to 1000 days 
were tested). 


The "Deep Foundation Test Site" has been designed on the grounds 
of the University of Central Florida (USA) for the on-going and 






recurring testing for research and certification programs.The site is 
intended to be utilized to demonstrate various pile and drilled shafts, 
compare various load test methods, and test NDE methods like SE. It 
will also be possible to compare various analysis methods. In 
addition, the site will be utilized for the training of Florida 
Department of Transportation personnel in deep foundation 
installation and testing methods. To our knowledge, no experimental 
result has been yet published from this test-site 
( http://www.cee.ucf.edu/research/deep%20foundation/index.htm ). 


NDT test and validations site at Horstwalde 


Location: Horstwalde, Germany 



o 




Contact: Ernst Niederleithinger, Federal Institute for Mat|p4fl Research and 
Testing (BAM), Unter den Eichen 87, 12205 Berlin, ffirmaW; phone: +49 30 
8104 1443, ernst.niederleithinger@bam.de 



In the frame of the RuFUS project [Butcher et al.^d^^C foundation test site for 
various NDT techniques was set up (figurj^38v So far a foundations slab 
(described above), 10 bored piles and a jet of otherflbncrete test objects exist. The 
test site was designed with help from oiffljtresearch institutions and the industry. 
A major upgrade is intended, including Imncrete elements from foundations, 
utilities and road and railroad infraafcLM^g. The test site will be available on a 
long-term basis for research and ecp^ati#n. 

Ten bored piles with 6#OT^^pneter and lengths between 8.5 and 12 m 
(three of them with flaws) are available at the moment (figure 39). So far 
they have been used to validate pile length measurements by the low 
strain method and the parallel seismic method. 

A 






Fig. 38. Pile test site under construction 
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Assessment of bonding, delamination and interfaces 


Jean-Fran 5 ois Lataste, Patrice Rivard 3 


12. Introduction to debonding and 



nation 


Concrete can be viewed as a corrfTnCfc^ i-s . homogeneous and isotropic 
material when the investigation does not consider the microstructure 
scale (this level will not l^cl^idered in this report). "Interface", as 
generally defined, is^preiafcffimit between two materials. Such a limit 
can be viewed as an J^eraptfn of the mechanical continuity of concrete, 
and then, as a p issig le alteration of its mechanical and physical 
properties. 

Engin*4rs%re interested in the knowledge of this flaw due to its 
siahification: either an indicator of damage (for instance, as a 
cor^fe^i^ce of rebar corrosion), or a parameter conditioning the 
damages (due to its influence on the concrete transfer properties for 
example), or an internal geometrical characteristic. Generally such flaw 


3 Other contributors to this chapter are: 0. Abraham, J.P. Balayssac, R. Felicetti, M. Fischli, 
V. Gamier, P. Gilles, Ch. Maierhofer, A. Moczko, L.D. Olson, J. Popovics. 


























must be considered at the local scale, at the material level, but its 
influence, when evolving, can finally disturb the whole structure. 


The knowledge of the initial cause of the interface is important for an 
appropriate characterization. However, in most cases, additional 
information is required. The aims of an investigation can be: the 
detection, the identification, the location, the extension, the depth, the 
intensity, and the activity (possible evolution) of an interface. 

So practically, the consideration of "interface" in the frame of the Wys 
motivated by the fact that their detection and in situ characterization is a 
way to assess the condition of the structure at a moment^f t|e sfflucture 
life (which is the characteristic at the date of investigation). It also allows 
assessing the possible duration for the structure (wba^if'the impact of 
the damage on the structure, and how could evolve the interface with 
time?). s' 


13. Description /definition of thejproblem treated 


13.1. What is being 
purpose? A. - 


looked for 




ry 


? At what scale? For what 


Concrete debonding can be defined as an open interface where there had 
been a close interface yet, such as a construction joint. We speak about 
debondin^^^>- this interface causes a mechanical discontinuity, a 
weaknt^. (^extreme cases, the debonding can be observed as a layer 
filled with air or water. The presence of concrete debonding can be due 
to a defect during construction. A common debonding is the contact 
defect between a precast slab and the concrete cast over it. Another 
classical case of debonding in concrete bridge decks is at the separation 
level of the asphalt concrete overlay material from the concrete deck. In a 
debonded area, one would expect to find a hole, a tear, or other form of 
deterioration in the petromat membrane, which would allow water to 
accumulate between the membrane and the bridge deck. 























Delamination is defined as cracks parallel to the surface. It is generally 
consecutive to a damage of concrete or to the structure: Fire, 
freeze/thaw, or rebar corrosion are classical causes of this kind of damage 
(Fig. 1). Unlike debonding, delamination is not located where there had 
been an interface yet. An example of common observed delamination is a 
splitting of the concrete at the rebar level. It stems from the expansion 
stress generated on the concrete by the corrosion products when the 
reinforcing steel is corroding. A hollow plane is then created in the 
concrete slab (Fig. 1). 
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J Depth D 
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Fig. 1 Exemple of Delamination. Core (at the right) shows a 
delamination 4 

*4 


& 



Whole structures or a part of th4m can be investigated with regards to 
debonding or delaminitiorh Multilayered debonding or delamination 
usually disturbs surfaces about some square decimeters to square 
meters. Interfaces can%it very close to the surface when they are 
associated with|fWsn^:hemical alterations coming from the surface (i.e. 
frost, fire phenomena can generate interfaces deeper in 

concrj umits^Detween precast concrete and concrete cast on site, 
d§£>or amund rebar or around internal heat pipe - Fig. 2 & Fig. 3). 










Fig. 2 Interface at heat pipe level in a concrete F 'g- 3 interface at the reinforcement level due 
slab (P. Toussaint in Breysse et al. 2005) *° re b ar corrosion (Naar, 2006). 

Interface investigation can be motivated by checking whether sorffe 
elements of buildings complying with standards (to search firf^fcpsfeTble 
explanations when a problem occurs,); or, in case of damaggcfojjpsrance, 
by detecting any alteration of concrete (due to ageirl%> fly instance). 
Investigations can be planned at the end of the consiAictLn (to check the 
conformity), during the life of structure (to diagpeRellpr alteration), or to 
control the efficiency of repair works (injectiga 1M example). 


The type of interface disturbs the hamogeneOTsness of the structure and 
can condition its structural behavior. This interface can correspond to a 
preferential path for fluids to flgw. Geometries and properties of these 
defects can vary (consideringLtng/ filling, the cause, the evolution...). 
Interfaces can also evofte ra^enaTling concrete. Owners can see them as 
source of hazard (considering the possible fall of concrete pieces from 
wall facing), or as an^iespGtic issue (with regards to facing degradation or 
moss deposits) 


of interpretation? Required accuracy? 



13.2.1. Detection / localization 


The first aim of an investigation involving to debonding or delamination 
issues is the detection of the flaw and its location. The question of 
detection is generally asked in term of speed of investigation with regards 
to the probability of detection (or non detection). The skill of the 














specialist consists to select the technique that would allow the right 
adjustment of two above parameters. Techniques allowing the optimal 
measurement cadences are usually those that are less performing in 
terms of information accuracy. For instance, infrared thermography is a 
fast technique commonly used for investigating large surfaces but 
quantitative interpretation of data cannot be done. On the other hand, 
impact echo, a slow technique, allows characterizing interfaces sharply. 


The determination of lateral extension of an interface below the surface 
gives information that is very useful for a better work planning. An 
example of a case study involving impact echo method is>p^|s^rted 
below (Fig. 4). The objective was to assess and locali^^ ^dJ riaged 
surface. Impact echo has lead to a mapping of the 
proportion relatively to the investigated surface. 



area in 


Techniques based on a punctual measurement, such as impact echo or 
electrical resistivity, allow determining intemce^with an accuracy that 
depends on the measurement grid soacing^tWome cases, this procedure 
is suitable for the problem: when the need is focused on the description 
of spread damages, only a global 4 bp J rach is possible. Fig. 5 shows the 
detection and localization oy spallings (few square centimeters) 
associated with the badgqualty of spacers. These disorders are spread out 


spatially and the is: 
290m surface. 



my to locate altered zones within a 59m x 
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Results of investigations 
drawn schematically 


Fig. 4 


Representation 

investigation remits 

ing) 


in a concrete slab determined by impact echo investigation (P. 
et al. 2005). 
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Fig. 5 Image of underface of an aqueduct (Gilles et al, 2007). Spalls p iiHicated by light 
shaded spots on the infrared image. 


13.2.2. Characterization with depth 

The sharp characterization of discrete interfaces in concrete is related to 
the determination of (1) the depth of interface, (2) the thickness of 
interface. 




13.2.2.1. 

After having detect ^ tJ flHateral location of alteration, the next step is 
characterization of'its position with depth. This description is based on 
the materiaM»|lwCies and must be considered as an inverse problem to 
be solved. Atfirst approach consists in comparing the results with regards 
tp^Lheir location. With impact echo, for instance, the calibration is usually 
maol^/a reference zone (known to be sound), then, further results 
obtained elsewhere are compared with the reference signal (Fig. 6). 








Signal measured on a damaged area 

Fig. 6 Amplitude vs. frequency of signal for the impac^cfl^^Anique. (This result allows 
detection of delamination within a concrete slab) JL \ 

The estimation of the interface deptlMrom the measures values can also 
be performed by an inverse analysis.Jpfis approach has not been very 
successful up to now. One m^^reason is that field concrete presents 
variable properties tha^ca1^ir%rconsidered in models used to inverse 
measurements. Th^efdm, results analysis does not yield accurate 
evaluation of some dfiaWtferistics of alterations. That is one of the main 
concerns regardiw the assessment of the interface depth from the 
surface. Th e is generally variable with depth (from the surface to 

its h^frt), the skin effect, but also to carbonation and other 

climatic/environmental processes or water content. These variations 
enhance the complexity of assessing parameters with depth due to the 
creation of bias. The technique effectiveness with regards to variation of 
concrete properties is a first consideration in the limitation of the 
accuracy/reliability of the diagnosis. 


Another limit of inverse analysis can be the need, to know the exact 
measurement "input". With infrared thermography, for example, the 
natural heating or cooling of the environment (exciting thermal behavior 


















of the concrete structure) is not mastered by operators during 
assessment. The work conducted with impulse infrared thermography 
aims at improving the interpretation: In this approach, operator controls 
the energy impulse. Then, the measurement of the response can be 
interpreted in terms of damage characteristics, such as the depth. 


13.2.2.2. Thickness of interface 


A flaw is detected because its physical properties differ fror 
surrounded concrete. The contrast is influenced by the 
properties of the flaw, relatively to surrounding material; butials? 
volume of the flaw. For instance, considering two delaminitoWwith the 
same physical properties, the thicker flaw is more ea^jjari^ected than 
the thinner. 



In favorable cases, the thickness even if it is ry ^re ttly detected, can be 
approached: the parameter influences the jrsial response by increasing 
the contrast. 



For example, crack detection with ^epcrical resistivity is possible due to 
the sharp electrical contrast fefcween the crack and the concrete. The 
width of flaw can be ^e\^kj[from electrical criteria) as a variation of 
the material filling the cpck; however both elements cannot be 
distinguished. Also, combination of filling material an crack geometry can 
be expressed ii^fjltm 6f electrical resistivity, stated as the "equivalent 
resistivity of 


ofJhe crack" (Fig. 7). 


































Fig. 7 Apparent resistivity dependjj 
crack, and analogical model copespp 


13.3. Why it is 


siaftvity of the crack. Numerical results on resistive 
ataste et al. 2003(2)). 


The firjst tfasci may appear obvious: internal interfaces in concrete 
structure are! nrot visible from the surface. For engineer and managers, the 
f#st arable m to be deal with () is the detection of the damage, then its 
locatTWI and characterization. Techniques that have been currently 
proposed allow either a quick detection of alterations, or a sharp 
description of the damage (the second being slower than the first). It does 
not seem possible actually to obtain both results with a single technique. 


Of course, the issue of debonding detection is based on the contrast of 
the physical property measured by the ND technique: In other words, a 






delamination can only be detected if the contrast of the physical property 
that are measured is above the technique or equipment resolution. 


The effectiveness to detect and characterize flaws with NDT, depends on 
the capacity to identify the "signature" of the defect on measurement. 
This can be done if 1) the signal is stronger than the measurement noise 
(this consideration is explained above, and will not be more developed 
here) or 2) the data processing allows highlighting it. The direct model 
(analytical or numerical) is reliable enough to reach to the measurement 
response, for given hypothesis. Inverse analysis consists of the calculation 
of direct problem with hypothesis on input values. Then, bf>ter^ve 
steps, and improvement of the inputs, one tries to conveffee s olution 
where the lowest gap between the measured and calculated values. This 
is done according to inversion methods, and in the range of uncertainties. 
The final result is a combination, derived from JJj£\ypothesis used for 
calculations, of probable characteristics gf the material (physical, 
geometrical...) that can explain what was measured. One of the main 
difficulties is the knowledge, or gj^least, the calibration of the direct 
models: How to be sure (or even to control) of the reliability of the 
hypothesis used for direct model? How to identify the bias effect from the 
data that are looked for? Hdw c^n the model take into account the 
interaction between inrS^hcing parameters? Another issue is the 
mathematical techniqlfeu^fto find the better mathematical solution, or 
more practically: how to converge quickly towards the optimal solution? 


The technique resolution and the ability for engineer to represent the 
final j^suJfe can^aIso be improved. Some developments for sharp data 
in^ging^a^mprove the capacity for engineer to identify flaws. The 
n of structures or geometries associated with classical damage 
patterns can influence the interpretation of measurements. It is common 
with radar investigation to represent the layer thicknesses in pavement in 
2D, with commercial softwares used for data processing.., Another 
example is tomography, which yields a 2D colored picture where one 
seems to 'view through material', helping engineers to understand the 
results. Representation of the results in term of complex parameters only 






















understand by specialists limits the interest of the techniques: for owners 
who want to understand the conclusion of evaluation, and also for 
engineers who want to use the results even if they are not NDT 
specialists. Some developments are in progress in this field of results 
representation for easy understanding, as proposed by Mayer et at. 
(2003) who have been working on SAFT for radar signals, or Gucunski et 
al, (2009 1 ) with regards to impact echo. 


Visualization and imaging of results are in great demand for practitioners 
and engineers in charge of inspection. Recently the civil engineering 
community has identified this need in a general manner. This sMfju^fhe 
new TC RILEM "On-site measurement of concrete and maltonrestructures 
by visualized NDT" (leaded by Prof. Masayas** ®HTSU; see 
http://www.rilem.net). 

ryr 

14. Description of Techniques 


14.1. Common techniques 

Most techniques present©?! inJThis document can be used to detect 
delaminations. Ma rr^jlgve be en tested on real cases (on site) and have 
proven their sensifvity to delamination. According to experts, the 
principal development that is needed remains progress toward the 
inverse problem, either for assessing the depth of delamination (ground 
peneti^tinfl radar, or infrared thermography), or thickness. The issue of 
th^exact^eeometrical limit of delamination can be raised for the infrared 
thermography, which appears to be the fastest method for the detection 
and location of damage in concrete. 


14.1.1. Thermography 

Thermal techniques (infrared thermography involving active or passive 
way) are common techniques used to detect delamination and debonding 























in concrete. A standard describes the use of passive infrared 
thermography to detect delamination in concrete bridge decks 


ASTM D4788-03: Test method for detecting delaminations in bridge decks using 
infrared thermography 


The main limitation of this technique is the depth of flaws: when 
delaminations are too deep inside, thermography is not effective at 
detecting delaminations. For instance, the domain considered in the 


standard is concrete deck with concrete overlay as thick as 10cm: 


One concern regarding this technique is that the thermal image shows 
only a surface view. The location of the subsurface flgw can (Inly be 
localized o in two dimensions, Fig. 8). The resoltlfcOT of the 
measurements is related to the number of pixel per in ia^ gi afnd depends 
on the distance between the camera and the investigated surface. The 
depth of the defect (i.e. the third dimension) reqliris locating the true 
position, which is unknown. 

A second concern is the temperatuf^:ontrasts: measurement conditions 
have to be convenient to flaw to be detected. It depends on the 
resolution and accuracy of sefSfcraP^used and also on temperature 
contrasts. The structure r^^l^^^varm enough to radiate heat in an 
enough wide band for the scWier to detect. (Alt 1996). The aim of any 
thermographic investigation's to detect hidden flaw (Fig. 8), and there is 
no result obtained from inversion (depth of bond...). Generally, the 
required informatioryis only relative, and no calibration is needed. 














Visible range 


Infrared range 



Fig. 8 investigation of under face of a concrete slab of bridge usmj^n^p/ infrared 
thermography (Naar, 2005). Lighter shaded zones in the infrared imageJidgn l^u p to 14,4°C), 
correspond to spalled regions. 

Generally the camera accuracy is about 0.08 - ■9V uthors consider 
that the critical temperature difference beb/v|gn sound and damaged 
areas should be approximately 0.2 - 0.3 C to allow detection (Clark et ai, 
2003). This difference between senators and true measurements is due to 
the external influences. Atterryjt\z, to limit these, numerous 
considerations have to be taka&TOfc^ account prior to investigations 
(ASTM D4788-03): range im^xtt^ia/temperature, range for wind, specific 
process to avoid shade (^tn^ir 
24h prior to test), etc* 


investigated surface (i.e. drying the zone 


Operators have also'% si significant effect: the standard also reports that 
tests performed with several operators on the same structures, materials, 
and cutidilHknsWSd to a variability range of 5% (ASTM D4788-03). 





iducted on active thermography allowed determining a 
for flaw detection . The results can be extended to passive 
thermography. It is given that to be detected, a default must be closer to 
the surface than twice its diameter (Maldague, 1990). This is related to 
the equation: 


t = (z 2 / o) and PC = (//z 3 ) 























where t is the observation time, z the depth of delamination, and PC the 
contrast loss; and with a the thermal diffusivity (m 2 .s-l) = k/cp, and k the 
thermal conductivity (W.m _1 .K _1 ), c the specific heat (J.kg^.K 1 ), p the 
density. 


In conclusion, the technique is easy to use, easy to read (result is an 
image depicting surface temperature), allows large surface to be 
investigated in small periods of time, and is contactless. The main 
limitations are the cost of the camera, and the fact that, with passive 
measurements, data inversion cannot be performed to provide ifesc^p 
with depth. Furthermore, environmental conditions have grea t »6< |c i y on 
heating process and on measurements. For exam pit., a kjo e rg-term 
investigation may be carried out during sunny days foJ«tewed by raining 
days. It has also been shown that wind can influengfe imj^emperatures 


that are recorded. 


SJ 


14.1.2. Mechanical wave technique? 


rties by 


Measurements of concrete propei/Te^^y mechanical wave techniques 
encompass a broad range of mimK Some of them are already well- 
known and broadly applied* %r the characterization of interface and 
debonding: pulse echofjaipact echo, impact hammer, SASW and chain 
drag. 









14.1.2.1. Ultrasonic pulse (US) 


The method called pulse velocity (UPV) method consists in measuring the 
time of flight of an ultrasonic wave pulse between two transducers. Most 
commonly, this method is set up with a direct transducer arrangement, 
where both sides of structural element are accessible. The increase of 
time can be a reliable indication of an internal defect (e.g. debonding) 
along the wave path in the concrete. Several standards (listed below) 
exist for the assessment of concrete with pulse velocity, but the detection 
of internal defect detection has not been standardized yet: 


EN 12504-4, Determination of ultrasonic pulse velocity, testing contrel 
14p . * - ^ 

ASTM C597: Test method of pulse velocity through concrete 


BS1881, part 203-1986: Recommendation for the meqWeM 
ultrasonic pulse in concrete. 



qmren 

uV 





m Fart4, 


of velocity of 


When an ultrasonic signal is sent, reflected an| ^kitted from a single 
surface, the technique is called Ultra Pulse^^g (UPE). If one measures 
the reflected signal energy, then it is also possible to estimate the depth 
of the interface or the flaw. Another approach, coming from geophysical 
fields, monitors multiple wave pi^rejffeflected from the interface: the 
time of flight values for Jifn^mserfTsets are measured. The waves 
refracted on interfa^s c^^^used to assess the depths of bounded 
interfaces when the Wave^eTocity increases with depth. This approach 
has been used on fidsdtfmaged structures, for instance (Abraham and 
Derobert, 2003Mo.yndings that were performed on several parts of a 
tunnel allowed extinguishing three alteration levels and assessing the 
thickness ofljKncrete layers. The sound zone (SZ) was studied as the 
reimence for further comparison. A moderately damaged zone (MZ) and 
a heavily deteriorated zone (HV) are presented in 


Fig. 9. Results shows that MZ is surprisingly more damaged than HZ in term 
of thickness of the delaminated layer (13 cm in MZ instead of 9cm in the 
HZ), as well as in terms of residual properties of surface concrete (wave 
velocity is 2260 in the sound zone, 870 in the MZ, and 1130 in the HZ). 
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Fig. 9 Recorded seismograms ai 
(Abraham and Derobert, 2003)# 


ius offset plots on fired concrete tunnel wall 


Both resolution and invefTigation depth depend on the generated 
frequencies: in cope'^/classical frequencies are 50-200 kHz in pulse 
echo mode, so the investigation depths are about 10-50 cm and the 
resolutionjfcraut few centimeters. Higher frequencies lead to higher 
resoluti^T, Dbtf reduce the investigated depth due to wave diffusion on 
the aggregates and energy attenuation. It must be pointed out that the 
surfaWof the flaw is detected, not the whole body. 


14.1.2.2. Impact echo (IE) 

The method essentially is a spectral analysis of local vibration response of 
a structure. Fig- 10 presents recorded data (time domain plot) and 
processed results (frequency domain plot) allowing the interpretation: 





























































The technique is used either to detect delamination or debonding by 
comparison of measurements made on solid concrete, or to calculate the 
interface depth from the main frequency peak In the second case, the 
accuracy of the technique is partly associated with the calibration of the 
compression wave velocity (the P-wave),, 


ASTM-C1383 : Test method for measuring P-wave speed and thickness of 
concrete plates using the impact-echo method 

The depth of a defect is approximated from the impact-echo resonance 
frequency according to the relation c/~v/2/with d the defect depthp^mB 
compression wave velocity (P-wave), and / the main peak of fraqupncy 
spectrum. Note that this formula is appropriate only if ihe ifcpajlt-echo 
thickness stretch mode of vibration is excited by the t^mf^et-up. This 
formula is not appropriate if flexural modes of vibration are set up, which 
are normally associated with debonds close to tjj£ surface or with large 
areal extent. 



IE tell response from a solid 
concrete location (a) time domain 
plot; (b) frequency domain plot. 


delamination location (a) time domain 
plot; (b) frequency domain plot. 


Fig. 10. Impact Echo response (Scott et ah, 2003) 


Based on an analytical and experimental study, the size of the smallest 
detectable flaw can be defined by its lateral dimensions (for a planar 















crack or void) exceeding 1/3 of its depth (Sansalone and Street, 1997). 
The influence of the bond quality has also been studied, numerically and 
experimentally. Results are that IE can be used only to detect areas where 
interfaces are partially debonded or are about to debond (tensile strength 
to be negligible). The quality of debonding (delamination, interface with 
loose of particles, micro cracks...) does not significantly affect the results 
(Lin et oi, 1996). The unbonded fraction at the interface affects IE 
response as follows (Lin and Sansalone, 1996): the depth of interface with 


zero unbonded fractions cannot be determined; unbonded fraction upJ:o 
20% enables measuring a significant echo peak (which amplituM 
increases with unbonded fraction); unbonded fraction <%)% 

responds similar to a crack. 

Error in thickness is mainly linked to the error made#rrffie wave velocity 
determination. Considering various measureme^^^^tions (frequency, 
surface roughness...) errors are less than 4 %,ilLjfieasurement process is 
adapted (Sansalone et o\., 1997). 


Tinkey et al (2007, 2008) and Olson (2010) reported on developments in 
impact echo scanning for more rapid testing and imaging of internal flaws 
such as voids, cracking, delantoeti^n, etc.. Studies were conducted on 
bridge concrete walls with a hand held impact echo scanner for post- 
tensioned ducts anJ qrf bridge decks with a bridge deck impact echo 
scanner, respectively^ 


Impulse response test method 

Tjjg impulse-response uses a low-strain impact produced by an 
inslfcimented rubber-tipped hammer in order to generate local vibration 
resonances through the investigated element. The impact causes the 
element to move (vibration in the bending mode for delamination and 
interface parallel to the surface). A transducer placed next to the impact 
point measures the amplitude of the dynamic response. Normally, the 
transducer is a geophone type, which provides surface velocity as an 
output parameter. The hammer load cell and the velocity transducer data 



are used together in the frequency domain. Velocity divided by the force 
leads to the "mobility" as a function of frequency. 

The technique, which has been adapted from pile integrity testing, can be 
used on structures to detect voids under lining, debonding of claddings, 
and delaminations. The mobility versus frequency curve is drawn, yielding 
the dynamic stiffness and the mobility range, for the tested element (Fig. 
11). Parameters extracted are: 


the dynamic stiffness (the curve slope for low frequency), 
the frequency interval between the peaks, mainly functic 
thickness of the tested element; 

the first peak mobility (for low frequency) / averse bilj/ y ratio, 
also called void ratio, which is the parametg£nl to detect 
delaminations. 



Test point indicating low thickness 
and good support (Black) 


Test point indicating good thickness 
and good support (Blue) 


Fig. 11 Typical output of impulse response test. The mobility plot (in m/s/N) in function of the 
frequency (in Hz) allow to differentiate sound zone from altered zones (Davis et ah, 2005) 



























































Davis et al. (2005) (Fig. 11), presented two case studies where impact 
response has been used to detect and localise void behind a concrete 
lining. Mobility study allows characterising the loss of support beneath 
the lining: the ratio of the amplitude of the low frequency peak (below 
100Hz) to the average mobility of the slab (assessed for frequency in the 
range 100 to 800Hz), increase in case of void. The examination of the 
stiffness is also used to detect delamination: increase of dynamic stiffness 
traducing delamination. 


A similar approach, based on the analysis of acceleration of the tested 
surface excited by a soft tipped hammer, was reported by Sanata^gr^t al. 
(2003). The authors studied the response of impact hamrfler on full- 
scale field trials. The tests were performed for various ovalities of bonds 
between concrete layers. The objective was to evaluate the bond 
between asphalt layers in a road pavement with^^^al analysis of the 
signal. It can be seen from the response of tJh%bonded system that the 
acceleration is heavily damped. Conve rs^vl the response of the de- 
bonded system shows high freqtency vibrations in the measured 


acceleration response and the dam 
This is due to vibrations induo 
bonded to the layer below. 



owerthan on bounded system, 
surfacing layer because it is not 


Nazarian (1984) has adapted the surface wave technique from the field of 
geology to the field of concrete structures. The technique called Spectral 
Analyse of Surface Waves (SASW), allows studying the surface waves 
|city as function of wavelength. The principle is to create an impact on 
the sWace with a hammer and monitor, in time domain, the surface 
wave velocities with two receivers (Fig. 12). Surface wave velocity varies 
with frequency in a layered system if the velocity in each layer is different. 
This frequency dependence of velocity is termed dispersion. The plot of 
surface wave velocity versus wavelength is called a dispersion curve. The 
material property variations with depth can be estimated from an inverse 
analysis of the dispersion curves. In fact, SASW is not a suitable tool for 

























studying delaminated concrete. In case of delamination wave amplitudes 
are higher than those measured on sound concrete, and the spectral 
analysis is not needed for results interpretation. SASW is adequate for 
studying speed variations across successive layers in terms of depths. 
SASW then could be used for debonding case with partial contact. This 
approach has been used to assess bond quality where concrete layers can 
be found (Sack and Olson, 1995) 


This technique is suitable for shallow investigation. The obtained results 
depend on the spacing of the sensors, the size and the mass of the 
hammer used to create the impact (which governs the energf^eort^nt 


and the impact duration; so 
investigation). 



»th of 



Fig. 12 Spectral Analysis of Surface Waves testing configuration (Nazarian, 1984) 

SASW method can predict layering (by stiffness variation) within 10 % but 
the boundary between different layers with similar stiffness cannot be 







distinguished by SASW (Nazarian, 1984). Studies can be found on the use 
of SASW for delamination detection in concrete structures. One of them 


reports the case of a dam exposed to freeze-thaw, and presenting shallow 
delaminations (Sack and Olson, 1995). The results show the distinction 
between two layers. The first is the thin layer of shotcrete, characterised 
by a high waves speed. This surface layer on the outside is over the 
second layer, deeper, constituted by damaged concrete. This deeper 
material is characterised by slower waves speed. The condition predicted 


by the SASW method agreed with the repair history and coring data. 




The calculated dispersion curves may show significant fluctuations d 
different surface waves modes participating in the signal faki &kal.j 
1980)(Tokimatsu et al., 1992)(Karray and Lefebvre, 200Q^lt breaks the 
basic assumption of single mode propagation often incremented in the 
SASW method, which causes additional complicati^Ilteh this method. 
The additional modes may cause misleading contusions. In that case 
wave-field transforms, as proposed by more advanced methods, such as 
the FK method (F: frequency, K: way^number) (Al-Wardany et al., 2009) 


and MASW (Ryden etal. 2004), have 
problems associated with SASW. It a 
dispersion curve required t& zsmssJ 




beertapplied to improve these 
tains a proper recovering of the 
ie concrete condition. 


.1.2.5.C 


hain Drag and hammer sounding 


This Jfeiie technique may be considered as an acoustic sounding. 
Hogyever^ it should be considered as a practice rather than a technology. 
A standard drives the investigation: 


ASTM D4580, Standard practice for measuring delaminations in concrete bridge 
decks by sounding 

This procedure basically consists in dragging a chain or tapping a metal 
rod or hammer over the bridge deck surface. The detection of 
delaminations is accomplished by the operator noting dull or hollow 
sounds. This technique is widely used in North America, mainly for 





















corrosion induced delamination on concrete bridge decks. This is a very 
low cost technique, allowing extensive application. The depth of the 
defect cannot be determined unless a core sample is removed. Chain drag 
is a tool highly adapted to detect progressed delamination but its ability 
seems rather limited in detection of initial delaminations (Gucunski et oi, 
20 09 2 ). 


Inversion of the results cannot be done with this technique. Delaminated 
areas are marked off investigated surface. An approximate percentage of 
the total area delamination is then determined (Alt and Megger, IE 

A study by Scott et al. (2003) highlighted the high variability associated 
with this technique: the delamination percentage estimate in surface 
varied between 2 to 69% (The variability is strongly related to operator 
experience and skills. The authors recommend improving the training of 
inspectors and suggest to inspectors to accurately document their results. 



Some developments have been tested with approach similar to Chain 
Drag. Several investigators report hammer tapping investigations 
performed with a hammering trolley (Pelicetti, 2008, Popovics et al., 
2009). A wheeled system pi loff^tfllrimpacts, blows are recorded by 
microphone connected A a* lap top via an audio-card. The data 
processing, which ij^ec^iiwAr to the impact echo approach, allows 
detecting the frequen^Deaks (i.e. the sounds) corresponding to altered 
and non altered slabs. Interpretation of data is linked to thresholds in the 
frequency domain. Recording and automatic data treatment decrease the 
importance of operators, evoked for classical chain drag. 



.1.3. Ground Penetrating Radar (GPR) 


The sensitiveness of radar for detecting delamination or debond strongly 
depends on the antenna frequency. When a beam of microwave energy is 
directed at a reinforced concrete slab, a portion of the energy is reflected 
at the surface of the concrete, and the remaining energy is refracted 
across the interface. The polarity of the reflected signal differs whether 
the delamination is empty or filled with water (due the permittivity 

























contrast relatively to concrete value). When the concrete slab is 
delaminated, usually at the level of the top mat of reinforcement, there is 
an additional reflection from the deteriorated section. This additional 
reflection is as an indicator of the presence of a delamination in the 
concrete slab interface. 



to them, 

*\fso 


Radar is more adapted to detect large voids than delaminations (Fig. 13). 
Scott et al. (2003) tested radar on site (antenna of 1.5 and 2.4 GHz) and 
did not obtain consistent response to delamination. According to them, 
this technology may mature to allow delaminations to be detectec 
a 1.5 GHz antenna adapted to concrete, the wavelength is abo^rt^d 
the resolution is 3cm (about half the wavelength). Theftfore. with this 
frequency, radar could detect delamination of few miWfcneters thick for 
strong electromagnetic properties contrast betweep tonlrete and the 
flaw. Radar could also detect delaminations and ‘nterfaces by their 
indirect effects on local properties when ijb is associated with a local 
moisture increase for instance. The concrete properties can be different 
close to the flaw, than further, ;^difying the electromagnetic wave 
propagation (in terms of attenuatjdn or speed). The flaw can then be 
indirectly detected. An examplp^bl^ireen given by Barnes et al (2008) 
where authors used reflated amplitude provided by radar to map 


moistened part 
delamination. 


relation with corrosion induced 


Fig. 13 Results of GPR 
investigation to 
characterize voids behind 
precast elements after 
grout injection (Davis et 
al., 2005). 






As many techniques based on wave propagations the main limit of GPR is 
the relation between the size of flaw and its depth; in other words, the 
measured resolution vs the depth of investigation. It has been shown 
that, in case of delaminated repaired areas at a prestressed concrete 
bridge, a clear reflection could be detected. Fig. 14 displays three 
radargrams recorded along the same trace with a length of about 2.5 m 
on top of a prestressed concrete bridge. These radargrams were recorded 
with the 900 MHz antenna (top) and in two polarisations of the 1.5 GHz 
antenna (middle and bottom). The backside reflection, the position 
reinforcing bars as well as four tendon ducts can be easily del 
bottom radargram, where the polarisation of the electric 
antenna was oriented perpendicular to the rebars, ins 
only a continuous reflection band is visible. This reflec 
related to a delamination, which was confirmed 
in a destructive way. 
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Fig. 14 Radargrams of a trace recorded wi mjmi fferent antennas: Top: 900 MHz antenna , 
polarisation perpendicular to the rebars. The hpcksfc^reflection (a) as well as the tendon ducts 
(b) are displayed; Middle: 1.5 GHz antenpa. mQla#isation parallel to the rebars. The backside 
reflection (a), the tendon ducts (b) am^bars (c) are visible. Bottom: 1.5 GHz antenna , 
polarisation perpendicular to the relfc^ i|j^5e reflection from the delamination is visible (d). 

IP * 

Like acoustical techfinues, GPR is based on wave propagation and its 
power can be limited on strong interfaces: In general, it can only detect 
one defect at arft^gnWn location. As the electromagnetic pulse travels 
through the ^j^ ncrere element and strikes an anomaly, most of the pulse 
energy " ' ' ‘ ' 

elflCtrom^nSic energy is transmitted through the defect. For instance, if 
a pu ~e jrfuck a de-bonded area, the amount of energy passing through 
the de-bonded area would be so small that a delamination directly under 
the de-bonded area would not be likely to be found. The energy reflected 
from the second defect, the delamination, would probably be too small to 


be detected or positively identified as coming from a delamination, as 
presented by Alt and Megger (1996). Finally, it is possible to detect the 










interface, but the technique does not allow sharp characterization (Colla 
et al., 2002). 

The response of radar in relation to several kinds of interface on a 
masonry wall is shown in the table of Fig. 15 - (Maierhofer et al., 2001)). 


Results of the investigations of the different physical models 


Determination of moisture content 


Determination of moisture distribution 
Detection of joints in masonry made of 
full bricks 

Detection of joints in masonry made of 
hollow bricks 

Control of grouting of unfilled joints 
Detection of layers of different materials 


Detection of large air voids 


Measurement of travel time of the backside 
reflection and determination of permittivity, 
comparison to calibration curves 
Measurement of travel lime 
Possible with the 1.5 GHz antenna, unfilled 
joints can be detected as small hyperbolas 
Polarisation of the electric field of the 
antenna must be parallel to the joints 
Grouting can be investigated by comparing 
the radargrams of empty and grouted joints 
From the travel time, intensity and phase of 
reflected signals information can be gained 
about ilk.' pennittivity of the different layers 
Large air voids in masonry can be detected 
easily from link 4 slices 


Accuracy and limits 


Between I and 5 vol"o depend 
absolute value 


No absolute values 
Low moisture and sfll contem is Required 


am quantitative data 


f possible to distinguish between air. 
\%roimeral wool (permittivity of 
wet mineral wool is too low) 
limum air voids, which was 
. had a size of 800 cm 3 . No smaller 
/.oids were investigated 


Fig. 15 Evaluation of radar capabilities relative^ several mBrfaces (Maierhofer et al. 2001) 


Clemena (2004) reported two studies conducted on radar accuracy to 
detect delamination in bridge ef^s ^Cantor et al., 1982) and (Clemena, 
1983). In the first study,^90^^rt'i area that was predicted by radar to be 
distressed was con^|ne4^s%fch by coring. 91% of the area that was 
predicted to be sound 'oncrete was also confirmed. The second study 
involved a comparis'" of radar surveys preformed on several bridge 
decks prior to tj gj emoval of overlays. It was found that, on an average, 
radar detected only 80% of the existing concrete delamination, while 
falsely iHenujying 8% of the area tested as delaminated. In these studies, 
raor^r failjd to locate some of the delaminated areas, especially those 
that were only 1 ft (0.3 m) wide or less; partly because the strong 
reflections from the rebars tended to mask reflections from 


delaminations, which would be relatively weak in dry concrete. Barnes et 
al (2008) report further improvements in the identification of 
delamination and corrosion with GPR on decks by considering the depth 
of reinforcement and signal attenuation thresholds. 





14.2. Special techniques 


14.2.1. Electrical resistivity (ER) 


The sensitivity of ER to interface is linked to the disturbance of the 
investigated volume. In the case of interface (between two materials with 
different resistivities) or void, the electrical current circulates differently 
than for a homogeneous material. Figure 16 shows an example of the 
electrical response on a damaged slab on site: one can see that iaJhis 
case, cracks and delamination can be detected since the rewtivm^ 
increases over the delamination.). The final interpretation alcK the 
identification of delamination and cracks are based on J^^»eifysis of 
electrical anisotropy (Lataste et a!., 2003(2)). 



Alt (1996) reported another case involving the detection of delamination 
below asphalt layer on a bridge. The measurement was performed 
according to ASTMD3633, allowing the characterization of the 
imperviousness of the membrane Ji^water. It was not possible with this 
method to diagnose concrete, but fhe conclusion on the data 
interpretation was interesting: the evaluation is quite subjective, some 
criteria (based on resisti\||u fattie s) are proposed but the suggested 
solution seemed to be (fherrfll^Dn a monitoring of resistivity according to 
the variations of envmmme®Cal conditions. 
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Fig. 16 electricj 
(Lataste at al.jJ D03H 1 



used to detect and identify a delaminated zone in a concrete slab 


Tfe interpretation of resistivity variations combined with the study of 
electricaf anisotropy variation allows detecting and locating the 
delamination. According to the size of the measurement device, it is 
possible to modify the investigated volume, then to investigate concrete 
to a depth of about 5-6 cm. This increase is associated with a decrease of 


the resolution. 












The electrical resistivity increases due to an interface can be estimated 
according to the methodology developed in Lataste et al. (2003(1)) on 
edges influence on resistivity measurements. Indeed, if one considers 
delamination as a particular edge, this approach gives an optimistic range 
of the resistivity ability. An ideal delamination (perfect, without contact 
between wall filled with air, and infinitely laterally extended); and 
considering a noise level about 10% on resistivity measurements (classical 
mean values on site), can be detected and identified if: 


z/a < 1; 

with z the delamination depth from the surface, and a t|^a 


size of device 
J^ice). 


(i.e. the distance between electrodes for a four probes squ^lmm 

This threshold is not a function of the resistivity,! but depends on the 
resistivity contrast between concrete and interfe^^t considers only a 
resistive interface. For conductive interface^t^^Pepth of investigation 
increases, but the effect on the measu^d apparent resistivity is less 
important. The threshold of z/o<l is a reliable order of magnitude of the 
lateral extension, for an interface with at least a. 


v€/ 

14.2.2. Impulseflther%)graphy (IT) 
;e/fB the sar 


This technique presents the lame advantages and limitations than passive 
infrared thermggr^^^ The difference lies mainly on the thermal 
solicitation rather than data processing. The need to heat the investigated 
surface leads to practical problems regarding the homogeneity of heating 
an jeaflfig apparatus (energy supply, investigations speed...). This 

lergy can be deployed with lamps, flashes, laser beam, and air 
or water jets. A "warm" or a "cold" stimulation is possible since the 
important point is the temperature differential that is generated 
(Maldagues and Marinetti, 1996). The duration of the pulse is variable 
from ps, ms, to s depending on the thickness of material to be probed and 
its thermal properties. Impulse thermography allows results inversion, to 
go farer in flaw characterization than with passive thermography. . 



































The investigation depth increases significantly with impulse 
thermography, and the inversion of results is possible. Maierhofer et al. 
(2002) combined experimental and numerical approaches considering 
voids up to 10 cm in depth. The heating time of 10 minutes allow 
recording temperature contrasts, which were variable during the cooling 
time (over 60 minutes). The value of heating time and the numerical 
approach enabled the determination of the depth (concrete cover) of the 
single defect. 


15. Global strategy of approach towards diagnosis 


, h 

l with 


The large range of ND techniques allows engineers co the issue 

of structural diagnosis. Whatever the flaw that is loculi for, several 
techniques are more or less sensitive to its "sign^rfyeR. Engineers have to 
choose the best technique with regards the^c Ajffi fl: and the alteration. 
Then, they have to use several methods i«%)mbinative manners in order 
to optimize the investigation, eithefcn terms of efficiency, or in terms of 
accuracy. 

15.1. Complementqtv e^jhrmfue 


Taking account of 
bonding evalua 
(in term 





les 


range of acoustic methods used for de- 
he complimentary aspects of the various techniques 
object looked for) will be discussed below. 


S^tion addresses the mechanical wave techniques, covering the 

methods based on the analysis of the vibration induced by a mechanical 
impulse, whatever the source (hammer, steel ball, piezo actuator, 
solenoid impactor, chain, toothed wheel, etc). Five mechanical wave 
techniques have been cited in the present chapter, namely ultrasonic 
pulse echo, impact echo, impulse response, surface waves and the chain 
drag. 






















In general, three aspects can be recognized for classifying the techniques. 


- the type of excitation; 

- the physical principle; 

- the data processing technique. 


The present classification is based on the way that the data are processed 
for interpretation (frequency domain analysis for the impact echo, time 
domain analysis for the pulse echo) and also by the manner that the wave 
motion is excited in the structure. 


Regarding the type of excitation, these may be categorized on the basis of 
the frequency range and the nature of the pulses that are jen^^^ix 

The classification based on the physical principle ap pears to be more 
robust: the way to implement a technique may chartfeffmut the principle 
remains. The problem is to distinguish the pjy^ipltes that are being 
handled. Three possible schemes are propose dL^epficting what happens 
in a structure after a mechanical pulse has been exerted. 

a) Propagation of mechanical waves through the structure: The wave 
(pressure or shear) is partly reflected and refracted by the interface and 
can be detected at the excitatioprppint after a time delay (pulse velocity 
and pulse echo). Beside* thl%|ifraction with the defect, the propagation 
of the waves is nol^aff!%^ed by the defect and the velocity can be 


assumed as a prope 



e investigated material. 


b) Propagation of mechanical waves within the delaminated plate: if the 
plate is delaminated (i.e. the surface and the top of the delamination are 
stress f\e)1^ dispersion curves corresponding to surface waves of the 
bounded media will switch to Lamb wave dispersion curves of the 
corresponding delaminated plate (guided wave from plates). Impact-echo 
and impulse response methods fall under this category, although it is 
possible to interpret the impact-echo vibrational response using a guided 
wave model (Gibson and Popovics 2005): impact echo resonance 
frequency corresponds to a peculiar resonance of the first symmetric 
Lamb wave mode where energy does not travel (zero group velocity). 
Specifically for the case of impact-echo, the modes of vibration that are 
























mainly set up depend on the geometry of the debond. When the 
extension size of the debond is smaller than the depth, the impact-echo 
stretch mode is strongly excited, and the formula described in section 
14.1.2 may be applied. 


c) Structural vibration of a plate: if the size of the defect is comparable or 
larger to its depth, the mechanical impulse activates the dynamic 
response of the concrete plate outlined by the delamination itself. The 
frequencies of the vibration modes of this plate are governed by the root 
of the ratio of the bending stiffness (~ depth 3 ) on the mass per ujyjfai^h 
(~ depth). Hence, the frequencies are proportional to the deJ^nration 
depth, and these frequency values will be significantly^ower than the 
impact-echo stretch mode values (the impact ejfco^ rule where 
f~ 1/depth). Furthermore, there are no closed-fori 
frequency to depth for the flexural case. In this I 
method does work, and ultrasonic pulse echo 
depth 




ons to relate 
e, the chain drag 
applied to estimate 


Providing a criterion for determining what physical principle governs the 
response of the investigated member would be of considerable help in 
determining the most promiar^Jechnique to be used for a specific 
problem. 

As a first tentative to separate the ranges pertaining to different 
principles the exjp lgp fl vibration frequencies of the impact echo 
(principle b) and of the vibrating plate (principle c) are plotted on the 
same araph (F^.17). To be more general, the frequency/is expressed in 
the dimensi^rtess form:/• d/(E/p) 1/2 . This form is proportional to the 
depth of the delamination divided by a wavelength (d/A), delaminated 
concrSe cannot be considered as infinitely extended (relatively to 
wavelength). Indeed, in this case V = (E / p) 1/2 ; then A = (E/p) 1/2 / f. Where 
d is the depth of the interface, E is the Young modulus, p is the material 
density, / is the signal frequency, / is the wave length, and V is the wave 
velocity. 
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Fig. 17 Response of acoustical techniques in function of geometrical par; 


In this form the dimensionless frequency of the iflwacwecho is a constant 
for any depths. \/ 



The shape of the defect is expressed by the ratio of the depth on the size 
(intended as the diameter of a delaminated disc) and the vibration 
frequency of the plate is a oara bp lic furjction of this ratio. 


n delaminations (depth < 0.75 size), the 
ibration yields the lowest frequency and, 


Figure 17shows that, 
mechanism based oj^ 


probably, the strongest sigrfal. Nonetheless, a smooth transition between 


mm. This graph should also be adapted for guided 
fas been done yet on this topic. 


both ranges is 
waves, but no \ 


is 


fy^Usafor better efficiency 

Infrared thermography, impulse thermography and ground penetrating 
radar (GPR) appear to be techniques that are sensitive to both void and 
bond in concrete, and allow a quick investigation of large surfaces. Other 
methods (acoustic: ultrasonic pulse, impact echo) are efficient for a sharp 
characterization of geometrical parameters (depth, limits...). 









A combination of these two different types of technique can be used to 
optimize the investigation time. 


A classical methodology consists in combining a first technique to locate 
potential damages in a short period of time, and to use a second more 
time consuming) to validate or to define more accurately its parameters. 
Some references in literature present case studies with such approach: 


1. Abraham et al. (2003) considered a fire damaged tunnel , and characterized 
layers and delamination of the tunnel. GPR and ultrasonic refac tion 
measurements were performed. Damages were a multilayer struajure^f 
material. Conclusions were oriented on the first detection of damage^i^lpdar 
combined with sharp characterization with ultrasonic j^lse |(mo|e lime 


consuming method). 
Scott et al. (2003) 


tested GPR and impact echo 


5n induced 


delamination on a bridge . Main results were: impact echo wajlme consuming 
method which (in this case) was not always concluwe; (fPR is faster and 
easier, but not accurate enough for detection . /*% 

Meola et al. (2005) compared the results of infrareatj^rmography, ultrasonic 
pulse and electrical resistivity on a masoniyA element in laboratory. Cork 
diskettes and plastic bags were incorpomrlllljn the masonry. They were 
manufactured of three different diamSfcrs, d = 40, 60 and 100 mm; the thickness 
was approximately 1 mm for cork and 2 mm for plastic bags. A 

plaster layer of thickness varyi ng f^mJo to 55 mm recovered the wall. The 
conclusion was that infrared thdrc^graphy was the faster and allowed efficient 
detection and location o4^el£pflation, ultrasonic pulse was more time 
consuming but allowedjjaeo^ction of deeper delaminations, and electrical 
resistivity was nor ma lly efficient for delamination (sensitivity to micro¬ 
cracking, porosity. ./nB|mifations and advantages were then considered with 
regards to meas umA g^adence and investigation depth. 


15.3. 


tore information 


MefNSfeg)^ sensitivity to flaws is influenced by material conditions 
(moisture, chloride ingress...). The quality of the interpretation can be 
then limited by external parameters, who can biases measurement.. So 


the interest of investigation may appear restricted if the information 
obtained from measurement is not sufficiently accurate or sharp (in terms 
of depth of interface for instance, or geometry, or saturation degree). 
Repeated investigations on a same body with various non destructive 














techniques can be a way to obtain various informations due to sensitivity 
of the different techniques. The interest would be to have shaper 
diagnosis. Generally, such approach (i.e. investigation with several 
methods on a same structure) allows to rank techniques regarding their 
reliability, in function of damages, and for given conditions 


For investigations the use of several techniques aims at assessment of 
complementary information (when the different information contributes 
to complete results to improve interpretation). Redundant information 
obtained with different techniques is generally less interesting. 



Some examples showing comparison of techniques on str^ctucs or test 
samples regarding the interfaces or delamination question ^a^^orted in 
literature: 

1. Gucunski et al. (2010) assessed bridge decks subj^ijedy induced corrosion 
delamination. The use of resistivity is associajed ^vity half-cell potential for 
corrosion assessment. Concerning delaminatiork they compared results from 
radar and impact echo: GPR p rovided fflin^tion about deterioration of 
concrete and likelihood of delaminJI|pn; impact echo enabled detection and 


characterization of delamination dec kr 
Drdacky et al. investigated plaster i 
impact echo, impulse thermograph 
technique, and their sensitil 


lamination in laboratory with ultrasound, 
ley compare results obtained with each 
) test element. 


Naar et al. (2005 l ) use%j 
to locate delaminai 
allows distinguish!] 


to 1 




ectrical resistivity and infrared thermography 
racks on a bridge. The use of both techniques 
damages , but no quantification could have been 


done. 

4. Uomoto (2006)^tested the sensitivity of NDT techniques ( infrared 
thermograpto,mto^sonic pulse , impact echo) to detect voids in an experimental 
slab/Thaitccu^Cv of each techniques was assessed and compared with regards 


ages and limitations . 


laierhd|er et al. (1998) worked on brickwork on site and appraised the 
siKitiwty of GPR and ultrasonic pulse . Results were compared. No evident 

combination CQU ^ ^ave b een outlined in this case. 

6. Karastathis et al. (2002) used different NDT to assess the bond in a dam. 
Techniques were Acoustic method ( ultrasonic pulse refraction), electrical 
resistivity and GPR and measurements were performed on a tunnel in the dam. 
They allowed detecting defects (as honey combing due to water flows).. GPR 
allowed rapid detection of questionable zones, ultrasonic pulse allowed sharp 
description of them, and electrical resistivity was choosen to describe 
moistening condition of materials. The complementarities of three techniques 
lead to a diagnosis of the whole structure. 


























































The above cases indicated that measurements on test samples are 
generally a procedure to properly assess performance of techniques. The 
complete knowledge of the material and flaw characteristics (its depth, 
geometry, location ...) allows building evaluation criteria to compare ND 
methods. It is also another way to identify promising combination from 
less interesting ones. 


15.4. Use for better reliability 


Techniques response to an alteration is function of the charactWf§ tTs of 
the flaw (e.g. detection is impossible under the investigat^^a of the 
technique). These ability ranges for a technique, can vary with the 
material condition. Considering that the material can change 

along a structure, the technique performance^ r^hange along this 
profile. So the risk of non-detection of an alterinversely, the risk 
of a false alert with only one technique is^high. The use of several 
techniques successively is a way to limit such risks. This approach aims at 
improving the detection by non-destructive measurement session. The 
use of several techniques lead^N^nore reliable results because each 
technique detects something. It also allows rejecting all zones without 
any detected flaw a^s^^^^further investigation, or sharper analysis, 
in zones where results were not concordant. To optimize this strategy, 
the selected technique must be sensitive to uncoupled parameters, and 
should avoid any^etiundancy in the results. In other words, from the 
engineer's point a view, this approach is interesting only if it limits the risk 
of misirK^r^etation. The following studies reports on combination for 

Ibility: 



1. Alt et al. (1996), tested GPR (no information concerning frequency) and 
infrared thermography on a bridge to find delamination and debonding on 
concrete bridge decks with asphalt concrete overlay and membrane. The 
authors concluded that both techniques were not certain in finding and 
identifying subsurface anomalies Authors wrote about the problem of detection 
threshold, and of errors in detection . They underlined the important state of 
deterioration of the bridge to explain the lack of very clear results with GPR 
and infrared thermography . 































2. Colla et al (2002) studied interface between a concrete slab and a sleeper 
embedded in the concrete slab during construction. The aim was to characterize 
the bonding condition between sleeper and slab, and to detect and locate voids. 
They use impact echo , ultrasonic pulse and GPR and concluded that : impact 
echo was very efficient, ultrasonic pulse was adapted to delimit the extension 
of defects, GPR was sensitive to defects (GPR distinguished good bonding 
from weak or no bonding, but cannot made difference between weak and no 
bonding). Both acoustic techniques lead to similar results in localizing areas of 
good and bad bonding and delamination. 

3. Weil (1998) published a study on a field structure (a stadium dome). The 
investigation combined infrared thermography for location of delamination and 
impact echo for validation of first detection . The use of a second techflkrue 
( impact echo) improved significantly the information obtained with iMfaswf 
technique ( infrared thermography ). 

4. Barnes et al (2008) combined radar and chain drag to pap Lnd Estimate 
accurately the delaminated surface ratio on bridge decks. The^fcur^^as based 
on the analysis of the reflection amplitude of the radar sigf fejL cqfepared with 
chain drag and half-cell potential. It lead to improved eifiWmpy regarding the 
estimation of the damage on field structures. 

5. Gukunski et al (2009 2&3 ), carried out investigatiovf^h qrtage deck with radar 

(2.6Ghz and 1.5Ghz antennas), impact echo, ultrasound, completed 

with half-cell potential, resistivity, as w ej a\ coring.. They compared all 
techniques and underlined, that ther^were somPsimilarities with impact echo 
and radar (wave attenuation). They concluded on the recognition of the 
potential benefits of evaluating de^kslpjjng a complementary radar-impact 
echo approach. 


15.5. Case study 

The case study below presents an example of technique combination. 
This case is not representative of the common approach, due to larger 
numtjtf q# analysis done on a bridge, but it presents several techniques 
adjpted to interface characterization by NDT methods (Gilles 2007). 


The IJWTcture is a reinforced concrete bridge exhibiting delamination 
related to a highly altered concrete.The characterization of damage was 
first performed by coring within a selected area. Ultrasonic pulse velocity 
carried out on cores highlighted horizontal interfaces in the deck. The 
next step consisted in identifying the damaged zone on the whole 


structure. 































Dark trace under bridge 
deck 


Fig. 18 Visual detection and destructive study of interfaces on Loi 
(Gilles, 2004). 


Delamination observed on core's 

Co* 

ratlersMdicr bridge, Belgium 

Engineers carried out a visual inspection of externaf symptoms related to 
probable degradation, such as dark spots^lujie surface. They also used 
radar (1.5 GHz coupled antenna) to record profiles along 1400m in total 
length. Impact echo measurements|/vere performed along a regular mesh 
of 1.3m x 3mto obtain 192 measurement points. All these results are 
represented on the sarrjg : as comparison (Fig. 19). 
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Fig. 19 Results of ND investigation on Lommersweiler bridge (Gill^ 

The final conclusion of this study indicated good correlation 

between radar and impact echo results, as confirmed by the petrographic 
examination conducted on cores. 


16. Benchmark and tes 



Tests body and test sfflkare^simple mean to test technique effectiveness 
and accuracy with regargs to controlled parameters.. Numbers of test site 
are then elaborated relatively to the development of a technique. So it 
can be foupfl^pn several sites, the same kind of "objects" (in term of 


geo 



Hfl^in stance). This is due to the similar NDT improvements 
hs, stildied by various research teams. This is, finally, very consistent 
witn%tfoal engineers concerns. 

Existing test site designed for the detection of interface can be broken in 
three large groups: 


The first group considers the study of interface and delamination. 
Generally, the flaw is ideal, made by a plastic sheet embedded in concrete 
in an attempt to simulate a delamination. The irregularity of limits and 






























the variation in its thickness are not taken into account. In this group we 
can list: 


The University of Sherbrooke (Canada) built a concrete slab in 2008 with hidden 
objects, simulated flaws at various depths (Fig. 20). Interfaces (polystyrene sheets 
of 5mm thick and blocks with 50mm thick) are present, then honey combings 
(polystyrene bloc with holes simulating heterogeneous void), plastic pipes, and 
complex shapes. For all, several sizes can be found, and they are at various 
locations relatively to the reinforcement level 



Fig. 20 Test site in Sherbrooke (Canada, Quebj 


ojed an experimental body, to compare 
fers. The Large Concrete Slab (LCS), built 


The BAM (Berlin, Germany) 
techniques in relation to sjvelw(f 

to study problems in tendo qM uc^l^hickness and geometry variations, and internal 
elements (gravel noclcem^ any he concrete elements for investigating voids at 
various depths and thi/m»es Taffe et al. 2003. An area with different contact 
bonding conditions be^||pn two concrete layers (15 cm each) is also found. This 
area consists of fi^seotions (approx. 70 x 70 cm 2 ) with two concrete layers. 

In the frame. c p the TC RILEM ON SITE FOR MASONRY, Drdacky et al 
preseijMd jMrialWVall to study subsurface defects (as plaster detachment for 
instancejV j' 

A»k) et aj| (2003) presented the results of impact acoustic methods, obtained on 
a tesll ^ y specifically made to evaluate reliability of these methods (Fig. 21). 
Thin voids (0.5cm thickness) are disposed with several depths and with various 
diameters, (leading to various depth/size ratios,). 






Depth: 3cm 


Depth: 5cm 




Concrete slab specimen 


Unit: mm 


Location of defects inside the concrete 
specimen (Ex. defect depth: 3cm and 
5cm) 


Fig. 21. Test slab done for impact acoustic method evan 



of defects 


KAsano et ah, 2003) 


The second group is constituted oPT^^sites where interfaces are not 
directly simulated but where; flaws are quite similar to interfaces. 
Generally, the simulated flaws mesA it a surface that can be compared to 
a very strong interfac 


The BAM proposed 
polystyrene blocks 




e^^rimental concrete body. Voids are simulated with 
ntimeters in thickness (Fig. 22). 
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Fig. 22 Concrete test specimen with voids, general view (with apparai 
impulse thermography) and scheme (Maierhofer at ah, 2002). 


migation with 


Uomoto (2003) worked on a test body presenting vojdWn th €concrete (Fig. 23). 
Several techniques, such as infrared thermographw(wjm^and passive way, for a 
combinated interpretation), sonic method, anc^ n\paetecho were tested in an 
attempt to compare results of each approach. 


In this group we could also list the 
been presented above. 



rsity of Sherbrooke slab that has 


























e^kentaPel 


c) example of result^ respectively with thermography (combination of active 
and passive), uH^pfe^tfand impact echo 


Element for NDT sensitivity study (Uomoto 2003) 


"PfT%third Jnd last group is composed of test site designed for assessment 
of N^Techniques relatively to interfaces, but elaborated for building 
materials other than concrete: 




LCPC Colibri test site (in Nantes, France) has been designed for development of 
debonding detection in road pavements. The site allowed testing techniques 
(impact echo) in a combinated way. Results were obtained on the techniques 
ability in term of accuracy (Simonin et al ., 2006). 

BAM Masonry wall (Fig. 24), hiding several kinds of objects and heterogeneities 
as voids (in the test specimen simulated by ceramic vases). The structure 

































































































































developed for the European research program “on site for masonry” has been used 
to test ultrasonic impulse-echo, and impact echo. 


SECTION A-A 


Omterootmn largavoid 


Fig. 24 Masonry wall at BAM for NDT sensitivity study (Maierhofer et al. i003) 



Beyond the possibilities of testing new developments,; the ? main interest 
of tests sites that are specifically devoted to interface's relies on the 
opportunity of comparing and gauging differeoffltec^ques. Indeed, as 
explain above, these sites have been built jj\m "egards to a particular 
issue, or to test any techniques. There more general test sites 

allowing today large and objective comparison between methods. A test 
site would be the mean to objectively ap^ss the limits of techniques, and 
to evaluate the new developm^^^arding a common state of the art for 
all methods. Such site \^ou.d alL.v the standardization of techniques but 
also definition of thj^te^oiqcfe better methodology for measurements. 
Finally it would contribute lothe training of NDT operators. 


Finally, the pard 
specifically i 



Iters that should be taken into account on a test site 
*d to interface are: 


Id extension of interface, from very close to the surface (few 
deters) to very depth interfaces (more than few decimeters), 
delamination and larger debonding (as defined in the first part of this 
chapter), 

Various thicknesses and partially debonded interface, with different 
unbonded fractions at the interface, 

Various concrete and various conditions: the aim is here to assess the 
influences of bias factor, such as concrete moisture , aggregate size 
(especially for mechanical waves techniques), interface position relatively to 
reinforcement layer, ... 







17. Conclusion 


that-the 

iv 


Interfaces are particular flaws, consisting in planar discontinuity. Their 
detection and characterization with NDT are mainly related to the 
variation of physical/mechanical properties of the material filling the 
discontinuity or on both part of it. It must be point out thatJthe 
effectiveness of any techniques also decrease with depth. 

Engineers can count on several techniques, from very btsic onesl(chain 
drag for instance) to very sophisticated procedure s (e.g. impulse 
thermography). Every ND technique can provide speffnjf: information 
regarding the interface. The selection of one ( oiJm bre) techniques will 
depend on: 

• the cost 

• the timeframe 

the type of information to b^fyrwted 

fed 

In a general manner^carf^p inferred that mechanical wave methods are 
particularly sensitive to delamination and debonding. They can differ in 
their sensitivity/^^OT^nng to the geometrical parameters of the flaw 
(extension, ...). With the appropriate technique, engineers can 

perfojA <f%harpcharacterization of the flaw. Generally, mechanical wave 
methods | mve been advantageously completed with infrared 
thermography or ground penetrating radar. These techniques provide a 
large surface covering. They also allow a rapid detection and location of 
the flaws before a more detailed characterization with slower methods. 


tne type ot inTormanon 10 oe cone 

the precision and ac^ir^^r^Wfec 

* 

:an Np 1 


In an attempt to improve the effectiveness and reliability of the diagnosis, 
the TC RILEM group recommends to combine two (or more) techniques. 
Combination can be only the use of successively several techniques whom 
each technique improve the results of the previous investigation (for 














instance infrared thermography + impact echo). Combination could also 
mean the use of several techniques that would be interpreted together. 
This procedure allows taking into account various factors that affect 
techniques to reach to a sharp assessment of flaw properties. In fact, this 
approach is in progress (see chapter 8) and represents new development 
expected by engineers. This next step, associated with the development 
of visual representation of results, will allow automated measuring. 


The TC Rilem Group considers that the standardization of NDT can also 
contribute to the improvement of diagnosis. The Operator experience 
and skills, its knowledge of the technique that is used and of 

influencing factors strongly condition the quality of result#. Therefore, the 
operator formation and training, as well as equipment calibration, would 
improve the performance of NDT. The definition and construction of 
benchmark test site could be a way to appraise the ^'lity of a team to 
diagnose a structure with NDT. This consultation, which has been 
developed on interfaces in this chapter, cqyld be generalised to the whole 

/ tp prom ‘ 


field of NDT. It appears to be a way^a promote NDT in civil engineering. 
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Localization of grouting faults in post tensioned 
concrete structures 


Martin Krause 4 


19. Introduction 


19.1. State of the art and existing guidelii 



recommendations 


The investigation of post-tensioned ten>fen ducts is one of the very important and 
fascinating testing problems for concreteJIkuctures. Much progress was achieved 
in the past two decades including mulMis Jpinary research. This includes large 
area measuring. The progress of resdlfcWffa development bases on four columns: 


Measurement and gval 
automated equipn^nt 


Application at lari 
Reconstructs 



t large scale test specimens applying 


iost tensioned test specimens 
tion for visualisation of results 
ic wave propagation for better understanding of effects. 


• Model li ru^ mfc 

The 

apohcatidfe 

fa*ards jJr certain methods, research for more reliable methods, development of 
automlteia methods for fast application. 


iphcaibn of the methods is in an intermediate state between: practical 
tioK wlidation, writing of recommendations and guidelines, even 


This text is intended for a brief description of the state of the art of existing 
methods including some historical aspects of development of methods. There are 


4 Other contributors to this chapter are: 0. Abraham, L. Alver, D. Breysse, J.P. Balayssac, 
M. Forde, A. Kodjo, A. Moczko, C. G. Petersen, J. Popovics, F. Rivard, 




other interesting publications of committees working on providing information 
and explaining NDT methods for concrete in order bringing forward their 
application [Forde, 2006]. Additionally in the United Kingdom recommendations 
for design and tailing, duct and grouting systems as well as certification of post- 
tensioned operations and training are published. Details about overall design 
strategy and protection systems are outlined [Concrete Society, 2002]. 


Several groups of experts are also working on this topic: ACI 228, COFREND, 
DGZfP (German Soc. NDT, through its Technical Committee NDT-CE with its 
subcommittees and recommendations for ultrasonics, impact-echo, RADAR, 
radiography, quality assurance, education [DGZfP, 2010], COST Materials Action 
534, dealing with Impact-Echo. The material published by these 
considered for the present text as far as possible. 


19.2 . Fields of application 





4 

eas of tendon ducts, and there are 
of ungrouted ducts [FDoT, 2003, 
lage assessment of bridges, which 
very important activity in this field 


In principle there are three fields of application: regular inspection of 
prestressed structures, quality assurance of repijjr, /quality assurance of 
new structures. 

Grouting faults are appearing in all 
many structures with large areaj 
Eichinger et al, 2000]. The regi 
are planned to be demol'iMb^al^ 

[Vogel, 2002]. Follo^mg;^^^^ical report of the Concrete Society of the 
United Kingdom about 30% of the post-tensioned concrete structures 
suffer from voids and ungrouted tendons [Concrete Society, 2002]. 

Many devolved countries are active in this field. For instance, in 
Germ^^^^^tion of advanced NDT is part of Maintenance of 
En^neermg Structures (BMS, Bauwerk-Management System) of 
Buno^^rstalt fur StraBenwesen (BASt, Federal Highway Research 
Institute). All state owned bridges are regularly inspected following the 
standard DIN 1078 (inspection interval 3 years and 6 years (general 
inspection). If there are some abnormalities, which cannot easily be 
classified, a so called OSA (Objektbezogene Schadensonalyse, Structure 
related Damage Analysis) takes place [BAsT, 2010]. Then NDT-CE-methods 
are applied by engineering offices or research institutes. 
























20. Overview of Methods 


Principally the methods for assessing the grouting of metallic tendon ducts are 
divided in three groups: 

• Radiography with X-rays and y-Radiation (see § 3) 


• Methods with mechanical waves, including impact-echo and ultrasonic 
methods (see § 4 to 6). There is a wide variety of techniques and variants, 
that will be detailed in the following. Mechanical wave methods are divided 
in Impact-Echo and Ultrasonic methods. Impact-Echo was the first 
mechanical wave method which was widely applied at prestressed concrete 
structures for testing post tensioned tendon ducts. Thus section 4 is de^Wj ed 
to this subject. 

Development of broadband low frequency ultrasonic trai^ouMrs/^and 
imaging techniques since the 1990 decade enable annlicjffign %gjulf rasonic 
echo technique for concrete structures. These tecMiqu^ (including 
ultrasonic through transmission) are described in sectumj^^ntl 6. They are 
related to modelling and reconstruction techniques^Miid^an only briefly 
mentioned in this state of the art [Langenberg et aUip [Langenberg et al, 

2009] CZy 

• Impulse radar, which can be used for plastk aVct^see § 7.1). 

Transient thermography is widely applij^l in NDT.3So it is obvious to apply it for 
concrete structures. There are encouragnmresults, but it seems that its application 
is restricted to the near surface region Ifecau^e of the relatively small penetration 



l Xynd y-Radiation 


21. Radiography 


High energy electromagnetic waves were already applied in civil engineering in 
the nineteen-thirds for investigating welded joints. It is obvious that the best 
state-ofthe-a#^kmnical solutions are always applied to prestressed concrete 
structures in order to achieve a contrast between grouted and voided regions. 
Curr ent yWdrography is sometimes used as reference method in addition to 
meSkanica/waves. 


21.1. X-rays 

Radiography with X-rays was already carried out in the thirties of last century for 
testing steel structures. However to investigate tendon ducts in concrete structures 
the penetration depth has to be large enough. This means energy of 320 keV and 


















more for 20 cm thick concrete elements. For higher energy linear and circular 
accelerators are used with X-ray energy between 2 and 6 MeV. 

With linear accelerators, even thicker concrete elements can be tested with y- 
radiography. Since the source can easily be switched on and off the application is 
somewhere easier than the handling of the radiation sources. Applications at 
concrete bridges, which are around 1 m thick, are described in France [Duffay and 
Piccardi, 1985], [Lanneau, 1993]. 


3.2. Gamma-Radiation 



The application of y-radiography is performed in several modifications, fl^je are 
two typical types of sources: Iridium 192 (up to 38 cm concrete) atfollbbJlt 60 
(typically up to 60 cm concrete). The sensors are films or fcos^kjr/maging 
plates. Guidelines are published e.g. in Germany [DGZfP,^^^i^nd France 
[AFNOR, 2011] or by international bodies [IAEA, 2002]. ' 

The capability of Cobalt 60 sources is demonstrated at ^teciniWfs constructed at 
BAM and LCPC Lyon (figures 1 to 3) ([Roenelle and^^al^h, 2006], [Taffe and 
al, 2003], [Krause et al, 2008]). 
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Fig. 1 Localisation of grouting faults with Fig. 2 Plastic tubes for Cobalt 60 source at Large 
Gammagraphy in a specimen at CETE de Concrete Slab at BAM (after [Taffe et al, 2003]). 
Lyon (after [Roenelle and Abraham, 

2006]). 










In figures 4 and 5 two examples are shown which demonstrate the capability of 
gammagraphy to localize ungrouted areas of tendon ducts, non-prestressed rebars 
and non tightened strands 0. 
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Fig. 3 Plan of tendon duct (diameter 40 mm) with artificial grouting faults (a) and verifi 
with Gammagraphy with Cobalt 60 source (b); measured at Large Concijgte Slab oflp 
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Fig. 4 Gar3mgraf»f of bridge element with Cobalt 60 source 
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Fig. 5 Non prestressed strands imaged with Cobalt 60 source. 















The sensitivity of phosphor imaging plates depends on the thickness of 
the phosphor layer. With a typical layer thickness of about 0.3 mm () they 
can be used for digital radiography of concrete. The required exposure 
time is comparable with the fluorescent screen-film systems. For better 
image quality higher exposure time is recommended. 

Of course it has to be stated out that radiographic techniques demand strict 
application of safety and radiation protection. This is regulated in the radiation 
protection ordinances in the different countries. 


22. Echo Methods with mechanical waves: Impact Echo 

• LJ 

The acoustic echo methods are divided in impact-ecj ultrasonic 

echo (see §5). Both can principally be used for point measurement. 
Equipment and evaluation software is available for this purpose furnished 
by different manufacturers. These methods a|e wgfly described. Imaging 
methods are in the intermediate state between development and 
application. Several examples at sp^fcirnens and post-tensioned concrete 
structures are described. 

vgT 

22.1. Application g£t^^npact-echo method for tendon ducts 



As described in Chapter 2 (§ 3), impact-echo is a mechanical wave method 
based on analy&Xj, the multiple reflections after a mechanical impact 
and their ev/Hfcrron"in the frequency mode (Fast Fourier Transform, FFT). 


Ary example /Fheasured at a concrete specimen containing grouted and 
ungmit^T tendon ducts (diameter 41 mm) is depicted in figure 7. 


Concerning the assessment of this method for tendon ducts opinions 
slightly differ. The method was standardised in USA in 1986 and there are 
manufacturers and publications who certify a good reliability for localizing 
grouting faults in tendon ducts by point evaluation [Sansalone and 
Streett, 1997], [Lin and Lin, 1997]. Other authors deduced after thorough 
studies that this is only possible applying imaging evaluation [Lausch et al, 


2002], [Gro^e et al, 2007]. One of the reasons is appearance of disturbing 
effects caused by geometry. In recent years applications working with 
point evaluation for tendon ducts presented at international conferences 
became irrelevant, whereas imaging results were presented numerously 
[Wiggenhauser and Schickert, 2003], [Al Qadi and Washer, 2006]. 
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Fig. 6 Result of Impact-Echo point measurement for a specime 
tendon ducts (diameter 41 mm) [Algeri 


first is an application of im 
pneumatic scanning 
with a rolling transd 





,s 0.25 m) containing 


There are impressive results for measurernc n t and evaluation of large 
building elements with imaging impact echo ([Tinkey et al, 2005], 
[Abraham and Cote, 2002], [Colla et al/^999], [Maierhofer et al, 2004]). 
Two examples of scanning deviod^are depicted in figures 7 and 8. The 



system mounted on an automated 
second is an impact echo scanning device 
mbly incorporating multiple sensors. 


Tube to 
provide 
water for 
coupling 



Displacement transducer 


Fig. 7 Automated pneumatic scanning device Fig. 8 Impact Echo scanning device with rolling 
with IE applied on a test specimen (after [Lausch transducer (after [Tinkey et al, 2005]) 
et al, 2002]) 













Also microphones are applied for non-contact measurement [Zhu and 
Popovics, 2007]. Some examples are cited in the next sections. Laser 
interferometers are also under study for they have the advantage of 
being very large frequency band sensors ([Abraham et al, 2009], 
[Abraham and Popovics, 2010]). Their main disadvantage is that they 
often require surface preparation. 



Another approach of evaluating Impact Echo data is in discussion since 
several years. It is based on the assumption of higher frequency modes 
after impact excitation. It is named Stack Imaging of Spectral Ampimjc^ 
Based on Impact-Echo (SIBIE [Ata et al, 2007]). Research result^^^^^fly 
described in § 4.4. 

There are different approaches to explain the origin of multjj^^efTections after 
mechanical impact in concrete. The easiest explanation|is disappearances of 
resonant multiple reflections at a plane reflector, whha^al^kanalysed by Fourier 
transform techniques. But this method needs corKoftoji rhetors for different 
geometrical shape of concrete elements [Sansalone jncWiffeett, 1997]. 

[Gibson and Popovics, 2005] have analyzed ml^§ltiple reflections after impact 
excitation as guided waves (Lamb wa#|j. In slab like components the resonant 
wave is explained as a resonance of the ih'odeTji of a symmetric Lamb wave. Thus 
the calibration factor (B=0.96) as introdLce^Sy [Sansalone and Streett, 1997] for 
the resonance frequency of slabs ismpcnecessary. 

In the simplest way the w^ve^mtocll^an be measured from at a point of known 
thickness of the slab. Whej^t ilW)t possible, the velocity must be measured at 
cores, for example. Sin okfh exlfefave a differing geometry, other wave modes can 
occur (e.g. dilatationajTw!»s) and conversion factors must be applied. These 
factors depend on*^k)\p4i ratio. For surface waves other effects have to be 
considered. Thisitpfs Less importance for localizing grouting faults, thus these 
aspects are noP^cwsed in detail in this overview. 

The cH(^ia^^d^tinguishing between grouted and ungrouted tendon ducts are 
de^ribea^ffJrently in the literature. There are two main criteria: 

CWtnge in the multiple reflection frequency between concrete/air and 
coflUfete/steel interfaces (quotient 4 instead of quotient 2 in Eq. 1) 

2. Shift of the back wall echo frequency to lower frequency when the duct is 
ungrouted. 


Short comment on criterion 1: 

This is the most frequent criterion applied for impact echo point measurement. In 
[Sansalone and Streett, 1997] it is described as switch between pressure waves and 
tension waves depending on the type of reflecting interface (concrete/air or 
































concrete/steel, respectively). It theoretically reduces the impact-echo frequency to 
one half. Another approach of explanation is the sign of the reflection coefficient, 
which switches from positive (concrete/steel) to negative (concrete/air) (phase 
jump). Recent experimental and theoretical considerations show that the frequency 
shift is much smaller as suggested for typical tendon duct diameters [Schubert and 
Kohler, 2008]. 

Imaging impact echo works mainly with criterion 2. 


Short comment on criterion 2: 

For the effect that the back wall frequency is shifted to lower frequencies 
(indicating larger thickness) the influence is twofold. The basic expl^^mn 
considers the ray path of the longitudinal waves: in case of a void, the>*y plm 
becomes larger, which means a higher frequency of the multiple reflec^f@^§. 

Voids in concrete, especially in tendon ducts are reflectors for€last||w^/es, but 
they also reduce the concrete strength in their vicinity. This has^mconsequence 
that the elastic constant and the vibration frequency are changed* relation to the 
position of the void relative to the centre of the concrej^ sJ^/Following this 
argumentation the shift of the back wall echo cause d Ja^ kvoid depends on the 
concrete cover of the tendon ducts [Lausch et, al, 20wZf Experimental results of 
that shift are presented in § 4.3 (impact echo imagi4g|&^ 
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cover p of the void [Abraham and Popovics, 2010]. 











22 . 2 . 


Point and Linear Measurement and evaluation 



In reality the impact echo signal often is superimposed by disturbing signals 
caused by geometry. Additionally impact echo theory only works properly for 
plane reflectors. Cylindrical targets as tendon ducts and even unstructured targets 
as honeycombing can lead to different behaviour of multiple reflections. The 
clearness of the signals mainly depends on the ratio between depth and diameter 
of the target. Following [Sansalone and Streett, 1997], ducts can be measured until 
a ratio of 3, other authors describe the difficulties, but they don’t consider it as 
realistic to deduce an exact limit ([Lausch et al, 2002], [Grope et al, 2007]). 

In the Advice Notes from UK [Forde, 2006] a special carefulness is 
when the reflection objects are cylindrical like metal ducts. After this is 

a need to pay attention to the input frequencies and the conseqi^ntirf walelength 
in relation to the duct diameter. The proposed impact echo frequ^w^fffs from a 
minimum frequency of 19 kHz excited with an impactor dian*£ter <yi 5 mm to a 
maximum frequency of 69 kHz excited with impactor diaMirf of 4 mm. In the 
first case the minimum target diameter is 105 mm ( X ) gffid theNlepth range runs 
from 105 mm to 840 mm. In the latter case the minimum target diameter is 58 mm 
(X) and the depth range runs from 29 mm 232 mmi 1 ^^/ 

Figure 10a) shows the frequency response from a voided duct whilst 
figure 10b) shows the frequency response from a fully grouted duct. 
These results were taken at the middle of a concrete beam to reduce any 
border effects. It can be seen Figure 8 the initial peak (fT) has 

moved forward from 4.9 %rtan^ioncrete), and there is a peak with a 
higher frequency, these^^in^typical of a voided duct. In Figure 8 the 
initial fT has not moved forward and there is a frequency peak at 6 kHz 
[Forde, 2006]. 


The difficulty 
of the 



proper impact echo results in point measurement was one 
evelop the impact-echo imaging possibilities described in the 
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Result of impact-echo test over a grouted tendon duct [Forde, 2006] 


22.3. Impact-Echo imaging 

In applying point-measuring methods in a way that several data points are 
collected along a line, imaging techniques can be used. This method is improved 
into a scanning test method to visualize test results as an Impact-Echogram, 
similar to a B-scan in ultrasonic pulse echo or a GPR radargram. The amplitude of 
the frequency power spectrum is displayed colour coded or in greyscale over the 


























































position of the measurements and frequency like shown in figure 11 ([Colla et al, 
1999], [Grope et al, 2007]). 

With automated testing in dense measurement grids Impact-Echo 
measurements can image very detailed the thickness of a concrete slab. 
When scanning is extended to a 2-dimensional grid, lE-results can be 
shown as 3-D images as shown in figure 12. 
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Fig. 11 Principle of Impaj 
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faging Fig. 12 Imaging of IE results of the Large Concrete 
Slab at BAM, Berlin. 


UsuaUC Wfcacpecho imaging of ducts works indirectly. This is 
d^onst\texl in figure 13a)-b), where the shift of the resonance 
frequency of the back wall signal is clearly visible. As mentioned above, 
several effects influence the shift of the back wall echo: diameter, 
grouting condition, stiffness, concrete cover, position in the concrete slab 


([Lausch et al, 2002], [Wiggenhauser, 2003], [Grope et al, 2007]). 
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Fig. 13a) Impact echogram of concrete 
specimen with tendon ducts (grouted and 
ungrouted without strands) 
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Fig. 13b) Specimen with three 
different concrete cov^r 
condition (after (TLauschigt 



•act echo imaging of tendon duct with artificial voids: a) plan, b) Impact 
m (longitudinal section above duct, B-scan; backwall echo 6.16 kHz, shifted 
echo around ducts., c) Depth section for shifted backwall echo (5.63 kHz) (after 
[Grope et al, 2007]). 


In a systematic study at a test specimen under laboratory condition it was 
shown that ungrouted and grouted areas can be indicated by impact echo 
imaging. This is demonstrated in figure 14. The built in grouting faults are 






























depicted in part a) of the figure. Part b) shows the impact-echo B-scan. 
The different shift of the back wall resonance below the duct is clearly 
visible. Apparently regions having a stronger shift correspond to voids in 
the tendon duct. Regarding the impact-echo c-scan in part c) of figure 13, 
the ungrouted areas are imaged in the correspondent depth section 
([Maierhofer et al, 2004], [Wiggenhauser et al, 2007]). 


Another approach to measure and image the shift of the back wall echo is 
to use a a laser interferometer as receiver. It was realized at a test slab, 
which is 0.25 m thick and includes various tendon ducts - filled and/mpty 
- together with an empty thick steel pipe. The source is mairtt€fcec^Bft a 
fixed distance from the wall with a wheel so that^theLjmpact is 
reproducible. The presence of empty tendon duct are dearly seen on the 
C-SCAN at a frequency nearby the impact-echo thickness resonance 
frequency ([Abraham et al, 2010], [Abraham et 


Experimental studies about indicating voids mf^hift of back wall echo 
also were also performed applying'the im|5Stt echo scanner described 
above (see figure 8). An example is^shown in figure 15. It demonstrates 
that the back wall echo show a smaller increase of apparent thickness 
over a well-grouted steel duct an/a Eumore significant increase of apparent 
thickness over empty #na^mamSlly grouted ducts [Tinkey and Olson, 
2008]. These experirt%it^/ere carried out on tendons without strands. 


!en on the 


ness resonance 


shift of back wall echo 


echo scanner described 

















concrete cover of the tendons could be determined carrying out measurements on 
the bottom side of the deck. Here, wave reflections from the tendons were directly 
detected as well [Wiggenhauser et al, 2007]. 
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Fig. 16 Results of impact-echo-measuremen ^Ln a bridge deck; left: C-scan parallel to the 
measurement surface at 8.6 kHz, right: projec«prof all B-scans parallel to the y-axis. 


22.4. Interpret 


ind research: the SIBIEprocedure 


For a better evaluation 6T impact-echo data and in order to improve the 
method, an irreging technique has been applied to the data in the 
frequency (Jornaffi“. This procedure is named SIBIE (Stack Imaging of 
Spectral Amplitudes Based on Impact-Echo) [Ohtsu and Watanabe, 2002], 
SIBIE procedure is an improved alternative method to interpret impact 
echo data. It is an imaging technique applied to the impact-echo data in 
frequency domain. 


In the procedure, first, a cross-section of concrete is divided into square 
elements. Then, resonance frequencies due to reflections at each 
element are computed. The travel distance from the input location to the 
output through the element is calculated for each square element. 
















Following the developers of the method, there are two resonance 
frequencies due to reflections at each element are calculated: 


f' 2 = C p /r 2 and f R = C p /R 


where C p is the velocity of P-wave, r 2 is the distance between an element 
and the output location, R is the total travel distance. Spectral amplitudes 
corresponding to these two resonance frequencies in the frequency 
spectrum are summed up at each mesh. Thus, reflection intensity is 
estimated as a stack image at each element. The minimum size a^be 
square mesh A for the SIBIE analysis should be approximately equate*. C p 
At/2, where At is the sampling time of a recorded wave. # I | 

Following the authors, SIBIE has been successfully^^i^d to void 
detection within tendon ducts as well as surfa^-crack depth 
identification ([Ata et al., 2007], [Alver and OMflh, /tf07], [Alver et al, 
2004]). In these papers results on locations%f voids and depths of 
surface-cracks identified by SIBIE are dAl^jed. One example of the 
method is described below, following citation [Alver and Ohtsu, 2006]. It 
is the result of application of impac£echo method and SIBIE procedure to 
a concrete specimen with a /^taWuct, presented in figure 17. The 
frequency spectrum obgiir^/l^m impact-test of the specimen is shown 
in figure 17a). The r>to>n4fece frequency of the void f VO j d is indicated with 
an arrow and is assigfi^Lajclose to the calculated value [f V oid=C p /2d], as 
possible. SIBIE anMyliiwas carried out by using a frequency spectrum 
shown in figure 17a) and a result is shown in figure 17b). Black colour of 
the hijjh reflection zones is clearly observed in front of the void. Following 
the authorsjn this way it is demonstrated that SIBIE is able to identify 
sliOikyoids within tendon-ducts. 


During several discussions on conferences, the presenters of SIBlE-results 
were asked to prove the existence of two resonance frequencies 
additionally for large concrete specimens in order not to avoid confusion 
resonances with geometrically caused multiple reflections and oscillations 
of the specimen. This should be especially important in case of cracks, 
































because following the usual Impact Echo theory there are no multiple 
reflections between measuring surface and crack tip. 



Echo Methods 


The mechanical wa 
ultrasonic echo ai 


presented in § 
Equipment aH ev 
by different manu 


hods with mechanical waves: Ultrasonic Echo 

ya\^ ^^^ ^pjs are divided in impact-echo (see §4) and 
and ultrasonic through transmission, that will be 
and §6. Both can be used for point measurement, 
nidation software is available for this purpose furnished 
facturers. These methods are briefly described. 


Since about 1995 imaging and reconstruction methods are developed for 
measuring data, which are taken in a line or a measuring mesh (2D data 
acquisition). For both Impact-Echo and ultrasonic echo methods, large 


progress was achieved; examples are summarized in this text. 








23.1. Introduction, principle 


The frequency range for ultrasonic echo measurement in concrete 
elements leads from 20 kHz to 200 kHz. Pressure-waves (longitudinal 
waves) as well as shear waves (transverse waves) are applied. For basics 
about ultrasonic low frequency echo methods for reinforced concrete see 
e.g. [Schickert and Krause, 2010]. 


From the research work of the last 15 years it can be followed that there 
are two criteria for localizing grouting faults in tendon ducts: 

1. In the magnitude representation air inclusions show significant hfgher 

reflection intensity (total reflection) than for grouted steel rebar or 
strands. This criterion follows from the different reflec^p^crefficients of 
the interface concrete/air and concrete/steel as is ap^ffed since 1995 
([Krause et al, 1997], [Jansohn et al, 200^^l^ause et al, 2003], 
[Schickert,, 2005].). 4 

2. In imaging the phase value or si^kal shape of the reflected signal the 
distinction between air filled areas and grouted steel bars or strands is 
realized by the phase differenced 180°. This criterion considers the 
phase difference betweertto«i§#fections at the interface concrete/air 
(material with smajkr ^ouMf impedance) relative to the reflection 
concrete/steel (larger acouJlic impedance). It recently was redeveloped 
applied as a part of l^fe tical imaging [Mayer et al, 2008 and 2008b]. Up 
to now this criterioryis only developed for few types of tendon ducts. The 
systematicjBu^pated application and research on site conditions are 
subjects of actual research and development project [Krause et al, 2011]. 



A thn|^ffect is known from several measuring results at tendon ducts: in 
several cases reflecting signals are appearing in the SAFT-B-scans 
(Synthetic Aperture Focusing Technique) corresponding to the depth of 
the bottom side of the tendon duct. In completely voided areas the 
reflection happens always at the topside of the duct (smallest concrete 
cover relative to the measuring surface) [Krause et al, 2011]). 


























Especially in older post-tensioned structures it may happen that the duct 
is correctly grouted but the mortar was shrinking during hardening and 
will cause minor delaminations between duct and grouting mortar. This 
means that such a duct would show the same ultrasonic reflection 


properties than a completely voided duct. Experiences with opened ducts 
show that the shrinking process is not always uniform. For example light 
rust films may partially cause bonding beween duct and grouting mortar. 
However it should be noted that high ultrasonic back scatter intensity of 
ducts does not inevitably indicate poor grouting conditions. Up t a^ao w 
the main aim of the method is to indicate suspicious areas. For tti^firmf 
assessment minor destructive opening of the tendon ducts se 


23.2. 


ej^^^eful. 

& 

iliuitii 


Ultrasonic Point Measurement and Evaluation 

Tendon ducts can clearly be recognised as reflectjpr l^m^in ngle reflection curves. 
This follows from the fact that reflection coef fijgien |g at steel tendons as well as at 
air inclusions have large values (R stee i =i60% ancN% r = 100%; idealized for plan 
and thick reflectors). Since modem ultrasonic echo equipment is capable to 
measure back wall reflections in concrepm^ip to 0.5 m or 1.50 m depending on 
the site conditions, tendon ducts h ami^^ lameter of 40 mm or more result in a 
clear echo, when they have typical oonorete covers between 50 mm and 150 mm. 
Of course the position of tjje ^^eHiis to be directly above the duct and the wave 
propagation must not be shijAdec^g^ reinforcing bars. 

One example of indicatm^anOfficial compaction fault around a duct is presented 
in figure 18. P-wave £ran|!tfcers were applied in T/R mode (transmitter and 
receiver separated^* ciose together [Taffe et al, 2008]. 
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Fig. 18 Ultrasonic pulse echo with interpretation of ultrasonic echo time curve (A-scan) mea¬ 
sured above a compaction fault, hence the concrete cover is reduced (left); right: reflection at steel 




























23.3. Linear Measurement and 2D representation of the 
data 


When several measuring points are combined to a measuring line, the results are 
normally represented in a cross section or longitudinal section (also called 
ultrasonic B-scan), respectively. In this B-scans the magnitude of the reflection is 
represented in grey values or false colours. From this low and high reflecting areas 
can be indicated [Krause et al, 1997]. 



Application of shear wave dry contact equipment enables measuring above tendon 
ducts and representing their reflecting magnitude. There are results successfully 
assigned to ungrouted areas in tendon ducts [Kroggel et al, 2002]. The ref^jpn 
magnitude gives hints for compaction faults around and grouting faults intend 
ducts (specimen sketch see fig. 19, upper duct). 
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Fig. 19 Interpretation of results obtained with ultrasonic imaging (experiments for lower duct). 


without rebars 


These results were obtained in a round robin test at BAST (Federal Highway 
Institute) at two specimens with artificial voids and different amount of non 
prestressed reinforcing bars [Krause et al, 2002]. In this double blind tests also 
ultrasonic imaging methods were applied, which partly indicated voids in tendon 



































ducts. These experiments were carried applying a laser interferometer as 
ultrasonic receiver (see §5.4.1., fig. 21). 

Analysing the pulse shape and estimating and the value of the reflected pulse in 
ultrasonic B-scans is rarely possible in practical application. The signal from of 
the reflecting pulse is overlaid by backscatter effects of concrete (structural noise) 
so that the phase jump between two different locations of the probe normally is 
not visible clearly enough for a reliable assessment of grouting condition. One 
example is depicted in Figure 22. 


Ostseite 


Westseite 



It is an example i 
equipment menti 
between raw, 
2008]. 


prefabricated road bridge in Germany applying the 
bove with actual evaluation software being able to switch 
signal) and rectified data [Sodeikat and Dauberschmidt, 


Linear and 2D Measurement followed by Imaging with 
Reconstruction calculation (magnitude evaluation) 




Riickvvandecho 


Fig. 20 Reflection signals from a 
road bridge (diameter ^0 


ngrouted area of a tendon duct in a prefabricated 
:over: 100 mm to 200 mm [Sodeikat and 
midt, 2008]. 


23.4.1. Examples in the laboratory 

The examples described in the two previous sections are limited to few 
applications. The most impressive success in the last years was achieved applying 
linear and 2D measurements with successive imaging. This imaging is performed 
































using reconstruction calculation with SAFT-Synthetic Aperture Focusing 
Technique. Here 2D and 3D applications in the heuristic time shifting approach 
[Schickert et al, 2003] as well as with Fast Fourier transform [Mayer et al, 2008] 
are applied. 

The first example of 3D imaging of a void in a tendon duct was presented in 1996 
in the frame of a round robin test carried out at a test specimen with artificial 
grouting faults in a tendon duct without strands [Krause et al, 1997]. The example 
depicted figure 21 was measured applying a broadband pressure wave pulse 
(f=85 kHz) and a 2D scanning laser interferometer as receiver. For good 
signal/noise ratio retro reflecting colour was used. 


300 


100 


H G F E _D_. C 





1 


-f 
*.. 

t 


k 

l j< 

i 

L 



k : . 

\ ! 

— 



i ? >' 


100 


400 



Fig. 21 Imaging of void in tendon duct with 
Laser interferometer and reconstruction 
calculation. 
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w of the two-hole test Fig. 23 SAFT reconstructions, depth corrected 
sions in mm) [Schickert using reference reflectors (top) and noise statistics 
2005]. (down) [Schickert 2005]. 


The capability for imaging holes with linear measuring and 2D-reconstruction is 
demonstrated in figures 22 and 23. Applying broadband transducers excitation 
with rectangular pulses are guided along the known position of a tendon duct, and 
the data are registered with high repetition frequency. Applying a commercial 
equipment development together with statistical analyzing methods the 
localization of air inclusions is possible [Schickert 2005]. Figures 22 and 23 
presents a result obtained at a borehole, which is partially filled with cement. 



Applying statistical evaluation a noise threshold is defined. Then the reflection 
magnitude indicates the filling degree of the duct. 

The intensity criterion (No.l in §5.1) is applied with shear waves and pressure 
waves. For both automated scanning systems are available. For shear waves dry 
contact transducers described above are applied. They are mounted in large 
scanners, which can measure surfaces up to 40 m 2 non-stop, because they don’t 
need any coupling agent (figure 24). For automated measuring the p-wave 
transducers were coupled by water (figure 25). Another possibility for fast 
ultrasonic echo measurement is described in § 5.6. 



Fig. 24 2D scanner working with linear 
drives and a pneumatic system to press the 
point contact transducers without coupling 
agent (at BAM Berlin). 


Fig. 25Mhralonic measuring head for pressure 
> moumM in a 2D scanner working in pulse 
) mode with water coupling (at MFPA 
Weimar). 


Comparative tests were 
Figure 26 presents a test Jgeci^rfi 



Figure 26 presents 
reinforcing wires (diami 

Figures 27a) and 28 s] 

S AFT-reconstruct! 



e frame of the research group FOR 384. 
with 80 mm tendon ducts containing 12 
; side view figure 27a). 

experimental results for ultrasonic measurement and 
Igure 27a) the shear wave measurements (ultrasonic 


frequency 55 kH ^karq^ resented with 3D-SAFT reconstruction imaging ([Krause 
et al, 2003], B^^^et al, 2006]). In this case a longitudinal section parallel to the 
duct i&4ires*ed(ultrasonic SAFT B-scan parallel x). In figure 28 the results of 
FTTreconstruction of p-wave measurement are depicted (centre 
B00 kHz of transmitting pulse). The jump in ultrasonic reflection 
magnUHfe appears at x = 800 mm in both measuring curves and corresponds to 
the change of grouting conditions. 


A second feature in figure 27a) corresponds to the depth of reflecting signals from 
the interior of tendon ducts (criterion #2 described in §5.1). As can be seen in 
figure 27b), the tendon duct has an air inclusion at the bottom side, which arrived 
unintentionally during the grouting process, being bedded on the opposite side 
(see photograph in figure 27b). The reflection line at z= 380 mm is obviously 
related to the existence of the air inclusion, but the measured depth doesn’t exactly 
correspond to a direct reflection at the air inclusion. 
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Fig. 26 Construction plan of test specimen BAM.NB.FIJJ. l«mjpning artificial voids in a 
tendon duct and styrodur balls. The location of the yjid m the duct was localized using y- 
radiography. Rectangle: Area of pressure wavemeasureS^wVfFPA Weimar (fig. 28); Arrows: 
area of presented shear wavelkeasurement BAM (fig. 27). 




Position of the 
tendon dud 


yieswKbf imaging tendon duct in specimen FB SI with shear 
can above the tendon duct from 3D-SAFT reconstruction. 
Polarization axis parallel x. 


Fig. 27b) Side view 
of tendon duct on 
FBS1 (photograph). 






























Fig. 28 Result of imaging tendon duct in specimen FBSlwith pressure waves: B-scan above 
the tendon duct from 2D-SAFT reconstruction . 



The effect of a second signal for well grouted ducts measured^\dfh»ie^f waves 
was also observed in practical applications at post tensione^ c^j^ete bridges 
[Krause et al, 2011]. The effect is not yet completely undertook n depends on 
the way, how the ultrasonic waves pass the grouting morwand^leel wires and/or 
propagate along the interface around the tendon duct (cmpSlp/steel sheet/grouting 
mortar). An explanation with help of 3D modelling gaWlation including EFIT 
(Elastodynamic Finite Integration Technique) is ^lrwme works [Krause et al, 
2009]. 


23.4.2. Applications at post ltensfl med concrete bridges 

In order to assess and *o improve the NDT methods for practical 
application, BAM together with partners regularly performs automated 
radar and ultrasonic-echo measurements on post-tensioned bridges. 
Investigations are carried out on areas on the inner and/or outer-side of 
webs and on the bottom and/or topside of decks with transverse pre¬ 
stressing (e.g. [Streicher et al, 2006], [Helmerich et al, 2008]). Those areas 
are marked with dark lines in a typical cross section (Figure 29a). With 
exception of topside measurement, traffic on bridges is not affected by 

thoslwravities. 


Figure 29b) depicts an example of a large scale measurement of a tendon duct 
measured by means of scanning ultrasonic echo (shear waves 55 kHz) from the 
bottom side of the bridge. The duct is imaged in the depth range from z = 100 mm 
to 870 mm. Signals from the bottom side of the duct (close to ultrasonic probe) 
and partly from the area of the far side are recognisable. Further investigation of 
those effects is ongoing [Krause et al, 2011]. With ultrasonic 3D reconstruction 




(3D-SAFT) also tendons arranged behind others can be imaged. As an example 
Figure 29c) presents from an investigated web. 



Fig. 29a) Investigated areas on box girder bridges using automated NDT-methods 




Fig. 29b) SAFT-B-projection of ultrasonic echo data, ima^gKyj^iGrvature of a tendon duct in 
the longitudinal section of a T-beam bridge [Itreicher et al, 2006] 
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Fig. 29c) Arrangement of tendon ducts in the cross section of a box girder web, left: according 
to construction plan, right: located at a SAFT-B projection by ultrasonic echo [Wiggenhauser et 

al, 2007]. 





























23.5. 


Reconstruction calculation using phase evaluation 


A qualitative distinction between steel and air reflections in concrete becomes 
possible, when the phase values of the ultrasonic signals are considered in the 
SAFT reconstruction calculation. This result was achieved within in the frame of 
the research group FOR 384 ([Mayer et al, 2006], [Patent, 2006]). A first study 
describes the method capability [Mayer et al, 2008]. In the following, two exam¬ 
ples are presented. The first was carried out at the Large Concrete Slab (LCS, see 
also Chapter 6, § 4.2.2), which was designed and constructed at BAM in order to 
realize typical testing tasks for the comparison of different NDT methods and their 

validation [Taffe et al, 2003]. 

One part of this concrete slab cojlfcns 
tendon ducts in the diameter 
40 mm to 120 mm havii 
between 80 mm and 
artificial grouting fau] 
performed similar t^iTTOir 
(pressure grouting!^ Jhe 


cover 

ej^routing was 
Hal application 
geometry of 
tendon D3 is d’epfcteJ'm figure 30. It has a 
concrete crf^e|£^fl5 mm. It is a steel bar 
in a duct having a diameter of 35 mm. The 
perimenfSI were carried out using a 
Hz point contact transducer working 
ith an automated scanner. 
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Fig. 30 Geometry and concrete cover for 
tendon D3 in LCS 
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Fig. 31 Results for tendon duct D3 in LCL: a) Sketch of the specimen with desired grouting 
faults; c) Result of scanning with 55 kHz shear waves, polarization parallel to the ducts: 
magnitude representation in a B-scan of 3D-SAFT reconstruction; e) Phase values of reflecting 
pulses around the maximum of each reflector calculated from FT-SAFT reconstruction. 



















Figure 31 depicts the results of ultrasonic imaging experiments of the tendon D3 
in comparison with the plan of artificial grouting faults (shaded in figure 31a)). 
Their location was verified applying y-radiography. Figure 31c) depicts the 
magnitude of ultrasonic reflection intensity as longitudinal section along the 
tendon duct (ultrasonic B-scan). There is no significant change in reflection 
intensity at ungrouted areas. 

Otherwise the phase evaluation shown in figure 31e) shows a very clear difference 
between air filled and well grouted areas. The colour coded image indicates a shift 
of the phase value of 180° between grouted and ungrouted areas. 


This means that the phase evaluation clearly indicated the difference between air 
filled and grouted areas, and allows distinguishing between reflection at ajjjand 
reflection at steel. This is not possible from the intensity representation 
case. 



Fig. 32 Ultrasonic imagingj3||rtifi^al grouting faults and styrodur balls by means of 3D-SAFT 
phase evaluation (depth Jsecti(J|f (C-scans)) specimen FBS1, SAFT-B-scans of magnitude 
already shown in also plan Fig. 26. The upper parts of the figures show the 

magnitude and th|y4ow^r part the phase value of the reflected pulse, respectively. 
Left: depth sec^^pTWetop side of the tendon duct (z = 270 mm); Right: Depth section in the 
depth ^styiHLur barfs (z = 206 mm). Significant phase value difference between reflection at 
air inclusions / syfodur and steel. 

The %&CQjj € example concerns the specimen containing artificial grouting faults 
and styrodur balls already presented and discussed in section 4.5.1 (figures 26 to 
28). The phase evaluation demonstrates the capability to characterise even small 
air inclusions. Figure 32 shows the C-scan (depth section) in the depth 
corresponding to of the top side of the tendon duct (z = 270 mm), whereas 
Figure 26 shows the plane of the styrodur balls (z = 206 mm). All balls in the 
diameter range from 120 mm to 30 mm are imaged. The phase difference between 
air inclusions (4> = 0 to 45°) and steel (4> = -130°) is significant. 












23.6. 


Ultrasonic Echo with Linear Array 


In order to accelerate the ultrasonic data acquisition, a linear array was developed 
in co-operation between BAM and AC SYS ([Kozlov et al, 2006], [Krause et al, 
2008]). It consists of 10 lines a 4 dry contact shear wave transducers working with 
50 kHz. The distance of the lines is 35 mm in the present modification. The 
transducers and the electronics are mounted in a handheld box easily to be applied 
at concrete surfaces (figure 33 a)). The ten lines are switched as a multistatic array, 
that means one line acts as transmitter and all others as receiver, then the second 
as transmitter, and so forth as shown in figure 33b). The data transfer is organized 
in the way that the whole data set is measured and stored in less than 1 secondper 
location. 

The data measured along a line can be combined to one data set and {rnwygrarted 
with fast FT-SAFT reconstruction calculation. Together \pth 3D imaging 
technique the scatterers and reflectors in the volume of interes)%aMfmckly be 
analyzed on site with cross and longitudinal sections as well aJ^gpt^ections and 
phase evaluation (corresponding to ultrasonic B- and C-scans % 



I 

Fig. 33a) Linear array with di 
transducers # 


Fig. 33b) Principle of data acquisition 


In figure 34 one practical implication is presented as example. The aim was to 
verify if and wher/^^Mon ducts inside of a cross girder, which is 60 cm thick. 
The data were mwguped along a line (length 1.16 m) with a step width of 2 cm 
(orientation^fnl kar ray perpendicular to the measuring line). The result of the 3D- 
FT-SAfiT ulkmsnuction is shown in figure 34: the cuboid at the right (a) 
reofesent^the/reconstructed volume (surface: 0.40 m x 1.26 m, depth: 0,70 m). 

gtherJparts of the graph represent the different sections, which can be 
interaJfcmdy adjusted by three planes. The measuring system with linear SAFT 
reconstruction also is distributed and applied as commercial equipment [Kozlov et 
al, 2006]. 
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Fig. 34 Result of measurement at a cross girder measuredHtim 
with FTSAFT: 

a) Cuboid of the reconstructed volume, three jjlains are sellable for the different sections: 

b) Depth section (C-scan), c) Cross section (B^^n parallel x), d) Longitudinal section (13- 
scan parallel y) 


There are numerous re^prts on practical application of the Linear Scanner 
system with evaIuaton 4^tware for magnitude representation [De la 
Haza et al, 2008]./fll|e,'several 2D-SAFT evaluations of the array 
positioning perpMl&pflar to the tendons are combined to 
representation Rowing the reflection magnitude of the tendon duct. 


one 



34d) an application on a prestressed box girder bridge is 
}[Rapaport, 2010]. There are four layers of tendon ducts in the 
upper layer has a concrete cover of 125 mm was measured 
step by step as described above (Figure 34b). 


girde 














Fig. 35a) Investigation area at prestressed concrete bridge. Concrete cover of first layer of tendons: 
125 mm 


Fig. 35b) Positioning of linear 
array 


Fig. 35c) Verified grouting fault at duct 5. 


Fig. 35d) Magnitude representation of duct 9 (top) and 5 (bottom) of right (right border of 
measuring area shown in figure 35a) 










































In a section measured on the right border two tendons are imaged in the 
reconstructed SAFT-C-scan (Figure 35d)): for tendon 5 (bottom) a high 
reflection magnitude relative to duct 9 (top) is measured indicating bad 
grouting conditions. This was verified by opening duct 5 (photograph 
Figure 35c)) and endoscopy. At other locations of the same bridge it was 
verified that a duct showing similar reflectivity as duct 9 was well grouted. 


24. Ultrasonic Through Transmission 


Ultrasonic through transmission is frequently applied in order >fn^pqjteure 
(determine) the elastic parameters of building materials. From Mtjad frpicV elocity 
of pressure waves and shear waves the elasticity modules and ratio can 

be calculated. 

The distribution of ultrasonic velocity in a building 
information about its integral homogeneity and 
influenced by the composition of the material as wel ^ 
deteriorated areas, and moisture. By measuring "fljae 
such areas can be localized and classified. 

There are several possibilities of ultrasonic through transmission tests. The 
simplest one is measuring the direct /n «if time with ultrasonic transmitters 
positioned directly opposite to the rec^ejy fUther methods are adapted from the 
crosshole sonic logging method, wXeJe two transducers are positioned step by step 



aay give basic 
The velocity is 
feterogeneities, voids, 
fribution of the velocity 


along lines at both sides of 
[Binda et al, 2001]). T] 
deduced. These methoi 



hg element ([Olson and Hollema, 2003], 
Velocity distribution in the wall can be roughly 
acted for the application of coplanar surfaces. 

A more sophisticated /meflj^d' is the calculation of the velocity distribution by 
means of tomographip^^ulation, based on an inversion applying the so called 
Radon-transformahmy From this, generally an accurate image of the velocity 
distribution ia^gjnner of the investigated object can be deduced and is imaged in 
corresja|mdi|fe slUfes. This method is widely used in metal and plastic investigation 
as well aS^neyrfcal application [Wustenberg et al, 2008]. In building engineering 
thrajtechnijlue was recently developed for masonry (bricks and natural stones) 
[W<lfep^t al, 2006]. 


Typical ray path examples are depicted in figures 36a) and 36b) for 4-sided and 2- 
sided access. In the latter also diffraction is taken into account. A principally 
difficulty for tomographic reconstruction in through transmission arrangement is 
that voids are regions of quasi zero transmission (c is nearly equal to zero). The 
convergence criterion of the algorithm is less distinct in this case. 
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Fig. 36a) Ray path scheme for 4-sided access of 
transducers 


Fig. 36b) Ray path scheme for fUjjJed 
access with void (applicatioi^fffH|p ) 
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equency range 


For concrete ultrasonic tomography is not used rather oftfc 
detecting voids and honeycombing in concrete columns 
100 kHz to 200 kHz [Schickert, 2004]. 

For prestressed concrete structures, tomographic stn&yj 'of different concrete 
beams are described in the British Advice Notea [Fllffe, 2006]. Examples are 
shown, where voiding in ducts is clearly dete^^.by ultrasonic tomography and 
verified by impact-echo. 

An application at a concrete bridge girdrfp^tecribed in [Martin et al, 2001]. Two 
test beams were examined: a 10 m|Jong beam at the Transport Research 
Laboratory (TRL), Crowthome, UjK^fnd a short test beam constructed at Stanger 
Science and Environment, El^^b,^^C. The ducts were 40 mm in diameter in the 
first test and 100-mm dianftter mfchfe second one. 


As example the result ojkbey from the second test is shown in figure 37. The 
beam is 750 mm deem thSpfan of the beam is given at the lower part of figure 
37). The measuring fiel^^400 mm wide with grid locations at 100 mm spacing - 
using all four facis/iWoiding is indicated by a low velocity. Apparent areas of 
low velocity^k^te^xomers are due to the reduced number of transit paths 
produp^g AreliaWe results. It has to be noted that edge effects or errors occur 
when thdfce isjKcomer or low density of transmission/reception rays in a model. 
Edge effects or errors are highlighted in the cross-sections. The method is 
som^jprtime consuming and so should be used in conjunction with a simpler 
testing method, e.g. sonic impact-echo, which identifies areas of interest. The 
smaller the ducts to be investigated, the smaller the required distances between 
testing stations. This therefore significantly increases the testing time. 















































Voiding 
in liiicl A 



Hi%c 





A 




jp 



»!■ 





mu 






J 


Fiiinl nIlKsim 


Noie; TIhj voids arc formed by an 


Fig. 37 Tomographic Sui 


oss-section of a concrete beam (after [Martin et al, 2001]) 


f.FRadar for plastic ducts 


For analysing steel tendon ducts radar is not suitable because shielding of 
electromagnetic waves. In contrast it is possible to apply Radar in case of 
post tensioned structures using tendon ducts made of plastic. 





































Radar Antennas in the frequency range of 500 MHz, 900 MHz and 1.5 GHz 
were tested at test specimens containing plastic tendon ducts of 90 mm 
and 63 mm diameter in beams made from concrete with maximum 
aggregate size of 20 mm [Forde, 2006]. As depicted in figure 36 the 
voided part of the duct (concrete cover 230 mm) is imaged showing a 
time of flight of t = 4 ns. Otherwise the reinforcing bars put in the 
specimen (spacing 20 mm) cause quite intense reflection of Radar pulses, 
which might hinder the image of the voided duct. Theoretical calculations 
lead to the conclusion that the perpendicular polarisation is 
sensitive to the imaging of the voided plastic duct than the 
orientation. 



;ure Syndication of voided plastic duct by means of 900 GHZ antenna (test specimen) 


Ground-penetrating radar (GPR) inspection was conducted on fourteen 
concrete specimens by [Pollock et al, 2008]. Based on the GPR surveys 
conducted in this study, it is apparent that the detection of simulated 
voids within grouted ducts embedded in concrete is possible with a 1.5 
GHz GPR system. Although none of the post-tensioning strands and 











simulated air voids within the grouted steel ducts was detectable, 
simulated voids within plastic ducts were generally detectable in GPR 
images. In another study [Conner et al, 2006], GPR was successfully used 
as a local inspection technique to precisely locate simulated voids as small 
as 1.5 in. (thick) adjacent to post-tensioning strands in grouted HDPE 
(High Density Polyethylene) ducts embedded in concrete slabs at depths 
of 5 to 20 centimeters. 


7.2. Active Thermography 


Thermal imaging can be used to detect simulated air vdfegb^ifhin grouted 
post-tensioning ducts, thus locating areas where th^w^fensioning steel 
strands are vulnerable to corrosion. [Pollociyet j3\, 2008] prepared 
specimens with voids. For the thermal impgUlg iflspections, six concrete 
specimens were constructed to sinuate thFWalls of post-tensioned box 
girder bridges. The most important deduction taken from these 
inspections was that ducts and sMdal^ voids were more detectable in 
the 20 cm thick specimens Jtha fin the 30 cm thick specimens. Inspections 
revealed the majority if tWlksimulated voids in the former case, while, 
only one thicker spe ^^^ ^^pection indicated the presence of simulated 
voids (out of four vdms pTwo ducts). Also, ducts were much clearer and 
visible in the thermal images of the thinner specimens. 

[Ried^nj^mlqpReier, 2003] used transient thermography to monitor the 
grauting^f s^el ducts. All voids in the ducts could be detected using the 
he^kof hydration of the cement lime inside the ducts. Even voids in 
tendons with a concrete cover of 12 cm could be detected at an early 
stage. Applying thermal impulse heating and IR imaging for the same 
specimen, the voids in the tendon ducts could be localized up to a 
concrete cover of 7 cm. 


Another heating source was used by [Brachelet and al, 2009], which 
consisted in induction heating, with a magnetic field. The analysis of both 


magnitude and phase on thermal images has shown that it is possible to 
identify the ungrouted areas (figure 39). The major drawback remains the 
relative slowness of the procedure. Further studies should focus on the 
design of the inductor and the heating time optimization. 



Fig. 39 Phase image of the beam without (left) and with (right) defect, at 0.78 mHz (, 

[Brachelet and al, 2009]) 

Up to now, transient IR thermography for localizing grouting fault: 
developed in laboratory, but very little on site application is rep< 
free aspect of this method is very attractive, when rapid measuj 
Although this method is very powerful for testing material 
carbon fibre laminates, the maximum penetration depth 
limited to only about 100 mm. 
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26. Conclusions 

Most applications concerning nor |de# Fuctive testing of tendon ducts 
deal with metal ducts. Becausaort^e shielding of electromagnetic waves 
off metal surfaces, rad#r i^ ^ip apally not applicable in this task. It can 
however be used in a l^^step, to locate the ducts on which other 
methods are appliec 




Radiography appj^pg X- and Gamma Radiation is the oldest method to 
investigate the interior of steel and concrete structures. They still play an 
importar^r^^for NDT of post tensioned concrete bridges because of the 
c^]mbilit\^Df penetrating thick concrete elements up to 1 m. Using digital 
imagingplates instead of films these methods have become much more 
sensitive during the last decade. 


Principally the method requires that the building element is accessible 
from both sides. Using radioactive radiation sources the thickness is 
limited to about 0.7 m, applying linear accelerators (or betatrons) even a 
thickness up to 1 m is feasible with a acceptable expenditure of time. 






























The first applicable mechanical wave method applied for this purpose 
was Impact Echo. The first version of Impact-Echo, developed at the end 
of 1980s, involves equipment which is not too complex and rather easy to 
use. Impact-Echo was widely applied in the 1990s and had the advantage 
of dry coupling on concrete surfaces. Even though evaluation in the 
frequency domain works best for planar slabs, the method was also 
applied for post tensioned structures with more complicated geometry. 
Since mid-1990s, several commercial equipments came into the market 


and numerous applications were reported with partially verified res uJi^ 

Basic research on this method at the beginning in the 1990s sb^ec^hat 
the geometry of building elements affects the signals rec§d A : B.j led on 
principles of multiple reflections at tendon ducts, othep^oncepts such as 
back wall frequency shift and influence of stiffneps^were thoroughly 
investigated. The originally affirmed reduction of Impact-Echo frequency 
to its half in case of metallic reflection coulc§ never be confirmed for 
grouted tendon ducts. 


The principle of impact echo imaging deduced from 2-D measurements 
was developed and produced representations in analogy to ultrasonic 
evaluation (B-scan or Impact-Ec^ogoam according to longitudinal or cross 
section, respectively; £-scan according to depth section). However 
technical disputes oftoad^kacharacterize the condition of tendon ducts 


Due to the advances in 2-dimensional Impact-Echo measurement, partly 
as a result of automated scanning systems used since 2003, the point 
measurement'evaluation for tendon duct characterisation has become 
less common. At the same time modelling of wave propagation gained 
imporc?nce for interpreting the data and clarifying the results. For the 
theoretical background of Impact-Echo the aspect of Lamb waves 
published in 2005 was very important. 


SIBIE (Stack Imaging of Spectral Amplitudes) is a new analysis scheme for 
impact echo based on spatial summation of the first and second 



























































harmonics. However real-world applications of SIBIE to characterize 
tendon ducts have not yet been reported. 

The ultrasonic echo technique for evaluation of concrete elements has 
been developed in 3 phases: 


In the 1990s broadband transducers in the appropriate frequency range 
(around 100 kHz) were developed. Simultaneously Synthetic Aperture 
techniques for imaging and modelling via Elastodynamic Finite Integration 
Techniques (EFIT) were developed and first applications on struiflfes 
took place. Contactless measurement with laser interferometer was also 

xO" 

With the development of dry contact shear wave in 2000, 

large areas could be measured much fasten Mhao/ before. This 
development also facilitated the construction of^t^fcited scanners for 
large structure evaluation (up to 40 m 2 ). Also' new reconstruction 
programs and modelling of wave propagation helped further 
advancement and application of ultrasonic imaging. Several types of 
multistatic measuring equipment were developed and commercial NDT- 
testing of post tensioned concrete members began. 

Since 2005, when th^ona§||^evaluation of the reflected signal was 
integrated in recon^^^i^^alculation, the evaluation of testing results 
became more reliable, \falidation and development of commercially 
available scanning systems in recent years has drawn a lot of attention. 

More^r^^e Measuring capacities give rise to new questions. For 
e^mple it is<mot yet completely understood how elastic waves penetrate 
or cirgujjte around tendon ducts depending on their inner condition. 
Another point is the possibility to investigate the condition of tendon 
ducts in the second or third layer. The research work in such areas has 
only begun. 


Nevertheless the potential of the method is rather promising leading to 
further research and development of equipment. The capability seems to 
be limited only by poor surface conditions or dense reinforcing layers. 





























Impact-Echo and ultrasonic echo field measurements have revealed very 
impressive results. Since dry contact transducers are also available for 
ultrasonic measurement in the appropriate frequency range, ultrasonic 
echo is sometimes advantageous because it can provide a better spatial 
resolution. 


The use of ultrasonic through transmission method for inspection of 
tendon ducts has not been documented in the past years since 2002. One 
difficulty could be that air filled areas correspond to very low velocity 
whereas algorithms for through transmission are more precise for regions 
with greater wave speed. 


Radar measurements (for plastic ducts only) and / ^bj^7sient IR 
thermography (mainly used on laboratory) are alternative solution. The 

contact-free aspect of IR thermography is very afftkaclltfe, when rapid 

: : : . 

measurements are desired. However, the peneJpmqn depth (in the case 
of dense reinforcements) and the slow tim^espBnse for thermography 
put practical limits for on site measurement 



In order to advance reliable app|catl[ 
points seem to be useful: 


of all testing methods three 


• Precise descgpffc x e methods and quantitative assessment 
an%limitations. Controlled test sites and setting 
developed for this purpose but there are still 


Edu 



of their potentials a 
benchmarks have b 
shared exp 


d developing training courses for NDT engineers. 


• '\erSWpding owners and stakeholders that NDT can reduce the 
lifetime costs through quality assurance. 

The activities of RILEM TC INR-207 were part of these actions. Next step 
may be to update existing and work out new standards. All this may 
encourage more producers, developers and engineering offices to come 
into the market with new equipment, software and offers. 
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Ruptures of prestressing cables 


Jean-Paul Balayssac, 

Carmen Andrade, Javier Sanchez, Horst Scheel 5 


1. Definition of the problem 


1.1. What is looked for? 


The structures involved are prestressed 
either failures of prestressing cables ( 
detect corrosion or damages beforfflh 


. . .§ 

rete structures. The aim is to detect 
stffnds) or as a preventive measure to 



The corrosion of prestr^seXcaPWS has been the cause of few structural 
failures with a high they occurred without any warning. The 

most famous case if/fnalLpf the 32-year old small Ynys-y-Gwas bridge in 
the UK, of segmented^ concrete post-tensioned construction, which 
suddenly co l|aplffii rt 1985. Due to the lack of safety (or impossibility to 
assess/ \t)d Britain had a moratorium on post-tensioned bridge 
ccmstructon^ 1998. 

The foPmsic investigation of the Ynys-y-Gwas bridge collapse [Woodward et al, 
1989] confirmed that the collapse was caused by the intrusion of water and 
chlorides at the joints which corroded the internal cables insufficiently protected 
with cardboard. The bridge gave no visible warning signs of cracking, and as one 
had no way to inspect the internal cables it was impossible to forecast the 
accident. Intrusion of contaminants can also occur due to faulty grout, as with 


5 Johannes Hugenschmidt and Denys Breysse have also contributed to this section. 



Lowes Speedway which suddenly collapsed in Charlotte (North Carolina, USA), 
on 2000, 20th may, injuring 114 people. 


A strand is made up of several wires (usually seven), and the cable is generally 
made up several strands (Fig.l). Usually the tendon is the whole system composed 
by both the cable and the duct filled by the grout. 



Fig.l: example of a strand (a) and of a cablj 
anchorage 




y strands in the same duct at the 


important to confirm if the design 
e. Field experiments show that most of 


The assessment of the prestressing ^cal 
strength of the structure is always 

the prestressed structures thati|^ll ^ p#maintenance in the future rely on proven 
techniques with cable s^teml ^h hese cables are using different design and 
technology. Prestress^kcoSteJe consists in two predominant fabrication or 
construction categories^rft^gpsioned and post-tensioned. 

Pre-tensioned systemsH^fenerally used within prefabricated concrete beams and 
in this case the 4tftfe^ are anchored by bond with surrounding concrete. Post- 
tensioned stnlflto^xan use only internal tendons (i.e. inside concrete) or both 
intem^^an^Lctemal tendons (i.e. outside concrete) (box girder bridges). Internal 
tendons cSnsi|rof many strands surrounded by a metallic or plastic duct. The duct 
ig^hed vjih a grout or with grease. In this case, the cables are difficult to 
inve^^pfe because the depth of concrete cover can reach many decimeter and also 
due to the presence of the metallic duct. External tendons consist of many strands 
fully encapsulated within a continuous high density polyethylene duct filled with 
grout or grease. The advantage of external prestressed tendons is an easier access 
for inspection and monitoring than internal tendons. 


In post-tensioned concrete structures, it has been found many times that the ducts 
had big voided sections (due for example to bad injection) and were filled only 
partially. These voids can be present in some critical areas of the ducts for 
example in the anchorage areas, where corrosion can be initiated. Indeed, 






chloride-bearing water can find its way through anchorage inside the ducts and 
eventually initiate a corrosion mechanism at the anchorage and subsequently of 
the prestressing steel inside the ducts. In pre-tensioned concrete structures the 
surface of the concrete can be in contact with corrosive media (de-icing salts or 
marine environment for bridges for example) and in the case of bad 
waterproofing, the chlorides can reach and depassivate the prestressing steel. 



Many kinds of corrosion can occur, either a general corrosion or a pitting 
corrosion which leads to a stress corrosion cracking because the steel is under 
tension. Moreover, sometimes, corrosion reactions lead to the evolution of atomic 
hydrogen, which can be subsequently absorbed into the steel leading to hydrogen 
embrittlement of the steel and subsequently to failure. These damages can ■ 
increased by creep and also by fatigue and fretting fatigue. See Fig.^ 
example of corroded and broken wires. 


nyuiugcn 

an afcikbe 


Fig.2 : An example of corjpsipjyi* stands with broken wires [Chauvin, 2005] 

m 

1.2. At what 

Three levels of investigammpdn be distinguished: 

Level 1- at the s ogffl^oWBe whole of the structure : for a complete assessment of 
the structure. Thi% toplists of a monitoring of the structure by acoustic emission 
for examplefffwwitration analysis. Usually, acoustic emission is able to detect 
and teP^dmte ruptures of wires. Private companies are able to provide such 
ddrvery ikr ling time monitoring of structures. Sometimes if the structure is 
Seifctive, Jne monitoring can be used as a surveying mean. Regarding the 
resolulten of the localization it depends on the number of sensors and usually it is 
not very high. 


Level 2- at the scale of a part of the structure (a girder, a part of the deck): after a 
visual discriminative inspection or a monitoring which has permit to define some 
critical zones. The aim is to localize the failures with a good accuracy. This can be 
usually achieved by magnetic technique (remanent magnetic method or magnetic 
flux leakage). Several special techniques are also described in the literature 
(electromagnetic resonance measurement, eddy current...). 












Level 3- at the scale of a cable : this can be used to define what kind of damage is 
involved in the rupture. For example, to check if the duct is correctly filled by the 
grout or if there is an active corrosion. For an assessment of the grouting quality, 
radiography or radioscopy can be used which provides an image of the entire 
tendon. But the size of sounded area remains limited. Moreover for safety reasons 
(the technique uses radioactive rays) it is more and more difficult to implement it, 
particularly in the vicinity of habitations. Some studies are now in progress to 
study the efficiency of Impact Echo for the detection of voids inside the grout. 



Any level can’t give a complete answer for the diagnosis of a structure. It would 
be important to provide a global approach which allows a global diagnosis of the 
structure, first a discrimination of critical zones and then a more accurate sounding 
of these zones. 

1.3. For what purpose? 

The assessment of the ability of an existing concrete bridge tojf^n^imTmust take 
into account the condition of the prestressing cables. Mam|j^fftres of tendons 
have been observed around the world which demonstrative mportance of this 
problem. A lack of appropriate data can induce a vejf^pljfsive and destructive 
assessment of the cables integrity. But, up to now^n mmJ modologv for assessing 
the integrity of the tendons is available. Gen ej6hv\t his consists of fixed-interval 
inspections made by visual observatiqjkof the structural elements. But in most 
cases the rupture of wire or strands is jfUkdsible at the concrete surface. A re¬ 
bonding of the broken wires by frictioiwii^ne grout is usual and so the behavior 
of the structure may remain almdgt/ma same. For example, about the Ynys-y- 
Gwas in the U.K. [Wood, ^OO^tjt impossible to see any warnings before the 
collapse. Indeed, the v^^l^pienomenon is a bending or shearing cracking 
which results in impo^^^rdnressing losses. At this stage a lot of stresses are 
transmitted to the Piis j^ejemforcement and a sudden failure of the structure is 
possible. fy * 

So, wittou^£^|^?ormation from a visual inspection, the choice of areas 
to impl^men^a reliable assessment of the cable by means of destructive 
or partial# destructive techniques is very difficult. Only non destructive 
testir^fnethods can be implemented to allow a representative diagnosis 
of a complete structure. Further, no effective means exist for 
quantitatively measuring condition of the strand. No methodology for 
integrating results of such measurements into the strength and 
serviceability rating computations are available. Ideally, a technique able 
to investigate prestressed reinforcement in concrete and to generate data 



regarding residual strength of the reinforcement would permit to reach 
these objectives. 


There is a need for investigating the cable condition e.g. how many wires are 
broken, or is there an active corrosion? Quantitative information, which must be 
accurate and reliable are required to be used in a process of re-calculation, in order 
to place the structure in its life cycle; this point is very important because it’s 
conditioning the reliability of the assessment. 

Two different approaches can be considered: 


- the cable investigation in order to detect a failure and then to go far 
diagnosis: what is the cable condition particularly how many wires are b: 
there an active corrosion which can rapidly induce an other failure? 


the 



- the investigation of the cable condition (even if no failur# is lu^pepted) in 
order to quantify the probability of development of corrosion^^tcHSetect the 
presence of un-grouted areas where corrosion can be initiate^ tins 
could be rather considered as preventive. / 


ms approach 




2. Description of the techniques 


For on site non destructive evaluatia 
techniques can be considered. Thesm 

0 


:iafwri 

seare: 


rupture of cables, three common 



.emanent magnetism method “RMM” or magnetic 


• Radiography, 

• Magnetic 
flux leakage 

• Acous 

For these techniques a presentation is made for detailing their principle, their 
limits and emm^(s) of application, including usual combinations not applied for 
improv^ftnmdetection of failures, but for a better implementation. For example, 
ground peqetr&ting radar for the localization of the cables and impact echo for a 
det*ionrfvoids in the duct can be efficiently used. Sometimes, an endoscope is 
introduced just behind the anchorages to assess the integrity of the cables 
(corrosion can be detected for example) [Poston and West, 2004]. But these 
observations are limited to the vicinity of anchorages. 


Other techniques are in a development phase [Laguerre, 2003], [Wichmann et al, 
2003] but, up to now, they are only used on laboratory applications, considered as 
special techniques. However, two types of special techniques will be briefly 
described at §2.4: 


• the Electromagnetic Resonance Measurement (ERM) developed by Holst 
and Wichmann [Wichmann et al, 2003], [Holst et al, 2007], since it has 
been already tested on full scale models, 

• the electrochemical techniques, that could be useful for the 
characterization of cable corrosion. 


2.1. Radiography 


2.1.1. Principle 


In radiography, the radiation source is either X-rays or gamma rays. Gamma rays 
or X-rays are emitted by an artificial source (Cobalt 60 or Iridium 192). In tW^^e 
of X-rays, accelerators are used to obtain higher energy. It’s a techifl|ue ay 
transmission and the radiation attenuation through the material is mea£u^ vnth a 
sensitive film located on the opposite face to the one where th#sj£u|^g7located 



The optical densi 
quality of tb 
steel, 




: principle of radiography 


'elated to the grey levels of the sensitive film is analyzed. The 
is generally good because the attenuating characteristics of 
air differ greatly (Fig.4). 


vo I 


ions of radiography include the detection of reinforcement, 
cracks, the quality of grouted post-tensioned tendons and the 


failure of cables. Radioscopy is a different form of radiography in which 


the transmitted radiation is converted into visible light and recorded by a 
video camera. Radioscopy has been used in France for the detection of 
grouting defects. 


The radiographic techniques can provide very useful information because 
of their ability to observe cross-sectional images of the object. They are 




applicable for every kind of prestressed concrete structures. However, 
these methods currently pose the problem of safety and other 
limitations. With further advancements in portable radiography 
equipment for field applications, such techniques could be more widely 
used. In particular, safety increasing, and imaging speed advances to 
permit practical scanning rates should greatly improve the technique. 



Fig-4 : exampje of radi^ram - sounding of an internal tendon [AFGC-B7, 2005] 

Classically, ij^W^ffi^adiography is able to observe: 

?sence of cavities inside the concrete 
5 presence of grout inside the prestressing ducts and also its defects 
the position of tendons 

the position of the reinforcement and the diameter of the rebars 
the discontinuities of the ducts 
the broken wires or cables in some cases 



etc 












2.1.2. Limitations of the technique 


□ Global limitations: 


• Like it’s a technique by transmission, two faces of the structure must be 
accessible 

• Depth limitation: 60 cm for gamma rays but 120 cm can be reached with 
X-rays 

• Only small surfaces can be sounded due to the limitation of the surface of 
sensitive film 


• Steel bars (cables or reinforcement bars) can mask the target 

• Important weight of the common radiation sources which dogjjjj^ 
the investigation of all the parts of a structure. 

• Like the technique is hazardous, security area is req SFound the 
structure. Sometimes it’s impossible 

• The implementation of the technique is expensiyMjh ty'large areas need 

to be sounded. For this reason radiography es relegated to use 

only in specific conditions [Poston and Wgst^fflQ^]. 

Limitations for the detection of broken win 



Besides the above limitations, its low rej»ition for the detection of damages on 
the cables is the main disadvantage of tfe te»riique: the width of the fracture must 
be important enough to be detected^llpiWrer it is linked to the depth limitation. 

2.1.3. Applicatij 

Field applications are currolMy made for grouting defects investigation, but also, 
in some cases, foylBl ottection of broken wires [AFGC-B7, 2005], [Derobert et 
al, 2002], [CiolkcwmcDfabatabai, 1999]. For example, in France, radiography (and 
also radjoscrtpyms^usually implemented (Fig.5) by means of gamma and also X- 
rays (^npilkll, Laboratoire des Ponts et Chaussees, in France) [Dufay et al, 
19j|5]. Tim methodology for the implementation of the technique on reinforced 
anMrestreJsed structures is defined in a standard [NF A 09-202]. 





Fig.5: implementation of the technique at the intrados of a bridge deck 
of Iridium (on the right) - LPC France 


• Usual: radar for a fast localisatio: 
the structure are not available. 


• Unusual: impact echo for a 
West, 2004]. 
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and a source 


2.1.4. Combinations with other NDT ] 

the ductsf It’s important if the plans of 

of voids in the ducts [Poston and 


2.2. Magnetic 


(e [Scheel and Hillemeier, 2003] 


rtic^feld resulting from a magnetized tendon or a magnetized steel wire 
|le to the magnetic field of a bar magnet. In the vicinity of a fracture a 
magn^p^flipole-distribution is formed and, accordingly, a magnetic leakage field 
in the surrounding region. The transverse component of the magnetic flux density, 
measured at the concrete surface is shown in Fig. 6-a. The characteristic leakage 
field allows detecting fractures of prestressing steel wires (Fig. 6-b). 




Fig.6- a: transverse component of the magnetic flux leakage 
measured above a cable fracture 


Fig.6-bfl jj^C-peak-amplitude (A pp ) of the transverse 
compoimnl ameasure of the strength of the leakage field 




aT^presented in the literature, the Magnetic Flux leakage (MFL) 
at Magnetism Method (RMM), but their physical principle is the 
actfce, these methods consist of applying a steady-state magnetic field 
f and so the use of a scanning magnetic flux sensor allows detecting the 
l the applied field caused by the ruptures or the cracks. 


In order to draw unequivocal conclusions from the magnetic flux density 
measured at the concrete surface to potential fractures, the external magnetization 
of the prestressing steel has to generate a magnetic state where all irreversible 
magnetization processes in the prestressing steel are completed. This is necessary 
in order to erase the unknown magnetic history of the steel. Without this 
magnetization the measured magnetic signals could be caused by various former 
unknown magnetization processes (e.g. transport by lifting magnets). By this way, 
a homogeneous magnetization of the cables is achieved. 






















The magnetization of the cables is performed from the concrete surface 
with an electromagnet. A remanent magnetization of the cables is 
achieved up to a concrete cover of 30 cm. It is ineffective to magnetize 
the cables before they are installed, in order to avoid pre-magnetization 
because the magnetization will be destroyed partially and locally by the 
mechanical impacts during the construction process. This might produce 
signals similar to fracture signals. Demagnetization in the region of a 
fracture will disturb a fracture signal. The magnetized cable has a 
magnetic field similar to that of a bar magnet. Fractures of a shag I e 
prestressing wire within a bundle of wires inside the metal sheatbGkg are 
detectable by characteristic leakage fields. Fig. 6b shows thaftrlfysverse 
component (relative to the direction of the steel wires) o^h^mianent 
magnetic flux density measured at the concrete surface/J^he location of 
a fracture the measurement curve of the transversMyomponent shows a 
reversing polarity. The peak-peak-amplitude /Wj,) the transverse 
component of the leakage field is used tQ/fni§j§ure the strength of a 
fracture signal (Fig. 6b). 


2.2.2. Influences on the me; 



Various influences h§v^^^^considered in order to locate the 
position of steel fj^tutes W remanent magnetized tendons and to 
evaluate the extent ^^bimge: 


concrete cq 
depth, 


total magnetization of cable is possible up to 30 cm 


rosjtfect%ial area of the prestressing steel wires, 

nuitoelnf prestressing steel wires in the tendon, 

3 er of single wires that are broken in the cross-sectional area where the 
Signal occurs, 

bonding between the prestressing steel wires and the grouting mortar 
(fracture width), 

interfering signals caused by other ferromagnetic components, especially 
mild reinforcement, 


magnetic and magneto-elastic material properties of the type of 
prestressing steel. 
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Fig-7 : relative peak-peak-amplitude of the/ransmjise component of the leakage field as a 
function of the fracture moBaJoy different concrete covers 


e transverse component of the 
P e depends on: 

that are broken in the cross-sectional area where 


The peak-peak-amp 
leakage field for a < 

• the number of sit] 
the signal occjy 

the concretel&nafr: the peak-peak-amplitude decreases when the concrete 
coyer incites and increases when the number of single broken wires 


^the fracture width (distance between the fracture surfaces): the peak-peak- 
ftude increases when the fracture width increases (Fig.7), 

the degree of prestressing: the peak-peak-amplitude increases or decreases 
depending on the type of steel with the increase of tensile stress, 


• the presence of the reinforcement in case of a high reinforcement ratio. If the 
reinforcement ratio is usual, while the magnetization of prestressing steel can 
be maximized by the chosen magnetization procedure up to remanence (the 
maximum residual magnetization), the magnetization of the mild 
reinforcement decreases to small values [Scheel and Hillemeier, 1997]. 






Specific procedures for data processing can also be used for removing the 
part of the signal induced by the reinforcement [Sawade, 2007]. 
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Fig.8: effect of 


smoothing 



The interfering signals caused by the ntld riSSiforcement and other ferromagnetic 
components are greatly reduced byflft applied magnetization procedure; but they 
are not completely eliminateckbi mlej /to reduce these signals and to distinguish 
them from fracture signals^herlMlowmg data processing can be applied: 

• Simple addition of two measurement data arrays: 

Two arrays withime prtgnetic flux density data of the system in different 
magnetic states, which the residual magnetizations of the mild 
reinforcemeil>fm^e different signs, but not the residual magnetizations of the 
prestres^klSlln wires, are added. The signals caused by all types of mild 
r^foAmem decrease, whereas the signals caused by the prestressing steel 
. increase!^ 

Courier Transformation filter smoothing (Fig. 8): 

signals with a small width compared to the width of a fracture signal are 
filtered out. FT filter smoothing suppresses signals caused by transverse 
reinforcement (e.g. by stirrups), if their distances do not vary too much. It 
also filters the signals of ferromagnetic components with a small width 
compared to the width of the fracture signal, e.g. nails, binding wires etc. 
Noise with a frequency greater than 5 Hz (depending on the measurement 
speed) is also filtered out. Fig.8 shows a measurement curve and the 
resulting FFT filter smoothed curve: the measurement curve shows small 







peaks caused by the residual magnetization of stirrups. The smoothed curve 
shows the significant fracture signal while the stirrup peaks are filtered out 

• Deconvolution of the (smoothed) curve with fracture signals. 

• Calculation of the cross correlation function of the (smoothed) curve and 
fracture signals. 


2.2.3. Application 


Several publications upon laboratory validations [Scheel and Hillemeier, 2003], 
[Makars and Desnoyers, 2001], [Altschuler and Pignotti, 1995] are avaffflWe. 
Concerning field applications, Scheel and Hillemeier have implemenmd tie 
technique on the vertical surfaces of prestressed beams, on the uppeiyStBfec^of a 
bridge deck [Hillemeier and Scheel, 2004] and on parking strufture &LScJ feel and 
Hillemeier, 2003]. Krause and colleagues have successfully n^^emented the 
technique for the detection of broken wires inside a bridge lcpA ^rause et al, 
2° 00 ]. ji/" 


.. 


Fig.9a presents an example of application on a girdef*Jf ajnghway bridge with 
one broken single-rod tendon (which was in a metall|jrau^;) [Sawade, 2007]. Fig. 
9b presents the different signals obtained along ak 2 m long profile. First it is 
possible to see rough signal which was obfamW^by the measurement (called 
measurement N°15 on the picture). Th^apid changes of the field amplitude are 
linked to influence of the reinforcing^bai ^^ After filtering the signal portion 
induced by the reinforcing bars (see the upper signal is obtained. The 

position of the rupture clearly app^anr 3n the diagram which plots the variation of 


the rupture signal at about 12 


m curve). 



iM 


(a) 


(b) 


Fig.9: application of Magnetic Flux Leakage technique for a girder inspection 





























2.2.4. Combinations with other NDT methods 


• Usual: radar can be used for the localisation of the cables and a more 
efficient magnetisation of the steel. 

• Unusual: impact echo for a fast and non expensive detection of voids in the 
ducts. Indeed, in these areas corrosion can process and so the probability of 
broken wires is higher. 


2.3. Acoustic Emission 


2.3.1. Principle 


When an acoustic emission occurs at a source within a mater ial due to 
inelastic deformation or to cracking it generates a stress w4ve which can 
be detected by an adapted receiver. The signal jmoMfzd by the receiver 
can be affected by the nature of the source, the geometry of the tested 
specimen and the characteristics of the receiver. The sensors used are 
broad-band or resonant piezo-elecAc accelerometers which convert the 
surface displacement into an electrjtswj^l. Acoustic emission testing is a 
"passive" monitoring method \ry^mmmhe detection system waits for the 

^pss wave emissions associated with 
ks. By contrast, classical flaw detection 
methods, such as uMfcon|tf, are considered "active" because a stress 
wave is sent into thdkesJobject to identify the presence of defects. 


occurrence and capture 

# 

cracking, corrosion, fir vyite 



In the case oU§ prestressed cable the failure provides a sudden release of energy. 
This engrg^mn O^dissipated by means of acoustic waves through the surrounding 
mediaTnhe H^aals generated by wire failures must be detected above general 
nrae leve\ and distinguished from events which are not of interest. By using 
sevl IiL ch aracteristics of the acoustic events including frequency spectrum it is 
possibfeto classify wire breaks and to reject environmental noise. Furthermore to 
assess the implication of each event on the structure it is important to locate the 
source of each emission. By analyzing the time taken by the energy wave caused 
by the failure as it travels through the concrete up to the different sensors, it is 
possible to calculate the location of the broken wire. Fig. 10 shows a typical 
acoustic response of wire break (in a strand of an internal tendon in this case) 
monitored by a sensor 10 m away [De Wit, 2004]. 




Fig.10: wire break: typical response of a sensor (time domain) 

The quality of the structure assessment is linked to the importanc^kjf t! 
monitoring. More important is the number of inspection points b^fe^^the 
assessment. In many applications the acoustic data are transmitted v %thej mtemet 
for processing and analysis. 

Moreover some studies are currently implemented for tegjii^fflfe sensitivity of 
acoustic emission to the detection of corrosion developtf^nt.NJr seems that the 
energy released by corrosion development is not veyffcmjlrftant versus all the 
environmental noises. > LX J 


2.3.2. Limitations 

The breaking phenomenon is vej 
continuously during a long time i 
acquisition must be done wit] 

- The technique do< 
before its implementatii 


- Accuracy of th 
multiplexing, usu|L 
limitation [D 






time so it’s necessary to monitor 
furies several years). Moreover the data 
tly high sampling rate. 

any information on failures that occurred 


ion: it depends on the number of sensors. By mean of 
ltjis possible to acquire on 32 channels, but it is not a general 
4], 


It ^>a nc# ns the monitoring of a bridge in Switzerland. The 
monitoring is done by the company ADVITAM (SOUNDPRINT 
System) in collaboration with the Institute of Structural Engineering 
(ETH) in Zurich [Flicker and Vogel, 2007], [Hovhanessian, 2005], 
The bridge is prestressed by internal tendons (63 cables with 12 
wires of 7 mm diameter - system Freyssinet P50). 11 natural failures 
of the wires are monitored and localized with accuracy between 10 
and 60 cm. In order to test the reliability of the technique, artificial 








failures are generated with an accelerated corrosion process. These 
artificial ruptures are also detected and localized (Fig. 11) with 
accuracy between 20 and 50 cm. The results confirm that the 
detection quality of the ruptures can be disabled by a bad grouting of 



the duct. Indeed, in this case, the high atl of the signal may 

disturb the data processing [HovhanessfllH^d Laurent, 2005], 


b 

tefUmerent 


Fig.ll: artificial failure of a wire: respySfcrelftrent sensors (after [Hovhanessian, 2005]) 

Second example 

It concerns a study/reataeci both on laboratory beams and bridges in 
Japan [Yuyama ©€al,%®t)7]. AE is tested for the detection of wire failures 
due to corrqs k iilj jp ii a laboratory beam (Fig.12) the failure is introduced 
by arjj/ici mcomtfsion (by applying anodic current) and the influence of 
gnauting^fepnaftions is tested. The results show that the amplitude of the 
wat^ex^eeds 100 dB and the source location is possible for the failures 
of unbonded and partially grouted cables. When the cable is fully grouted 
even if the detection is possible the location is not easily performed. 
Nevertheless, about 82% of the wire breaks are detected. Different 
resonant sensors are tested (30 kHz, 60 kHz and 150 kHz) and it is clearly 
demonstrated that the sensitivity increases as the resonant frequency of 
the sensor decreases. The amplitudes detected by 30 kHz sensors are very 






















high (over 100 dB), those by 60 kHz are high (60-100 dB) and those by 150 
kHz are low (50-80 dB). 

For the field tests two bridges (a box girder beam and a T-shaped beam) 
are tested. The activity due to wire breaks is compared to those resulting 
from traffic noises. Even if traffic noise is a major AE source, the results 
show that the amplitudes are higher than 90 dB, continuing for 1-2 s. The 
ratio of wire failures detected under traffic conditions are about 80% for 


























Fig.12: laboratory beam and location of wire failures (after [Yuyama et al, 2007] 


A literature review provides other examples of detection of cable 
ruptures on bridges [De Wit, 2004], on pipes [Travers, 1997] and on 
nuclear containments [Graves and Tabatabai, 1998]. 


2.3.4. Combinations with other NDT methods 


Radar can be used for a best localisation of tendons but it is not necessary for the 
implementation of the technique. Nevertheless, it could be used if a destj 
assessment is done after a localisation of rupture. 


lest^Wliye 


2.4. Special techniques 


2.4.1. Electrochemical techniques 


2.4.1.1. Description 

Electrochemical techniques ar<p used for the characterization of 

reinforced concrete corrosion [Andrade et al., 1978&2002], Both 
description and imj^rrud^amfi of these techniques are detailed into 
RILEM and ASTM^^^nmendations [ASTM C876-91], [RILEM, 
2000&2003&20041. The/main electrochemical techniques for measuring 



corrosion are: 


sion Potential, 


, which informs on the state of the 
ic^surface with respect to the surrounding electrolyte. If the 
is corroding with the production of oxides, the E cor r is very 
negative and if the steel surface is covered by a passive oxide film 
the E^r is less cathodic or even in the positive range with respect to 
the saturated calomel electrode (SCE). 


• The concrete Resistivity (R e ) which indicates the porosity of concrete 
and the degree of water saturation of concrete pores. Values bellow 
50 Qm indicates pore saturated concrete and values above 500 Qm 


indicate very dense or dry concrete. The Re needs to be referred to a 
particular volume or regular geometry. 


The R p (polarization resistance) technique which enables the 


calculation of the corrosion rate, l cor r 
mm/year. 


in pA/cm 2 or the V C( 


in 


In a reinforced concrete structure the measurement informs on the state 
of the reinforcement closer to the placement of the electrodes, so only 
the first layer of bars can be measured. However, in the case of post- 
tensioned elements in which a layer of non prestressed reinforcerr^tis 
placed between the concrete surface and the ducts, the measurement of 
the prestressing cable is shielded by this intermediate # layef, wiiich in 
addition is usually electrically connected to the ducts. The only way to 
monitor the cables is to open a window in the concrmjifca 1 to put the 
counter electrode directly on the grout surrounding the cables. In the 
following sections two examples are presented, a Ifrst one on cables of a 


suspended bridge and a second one on cabt^p mf'a p 
bridge. 


prestressed concrete 



dons of a suspended bridge (Barrios de 


2.4.1.2. Examples of appji 

a) Example 1: meosureme, 

Luno Bridqe) vv 

The bridge was byjJfln 1983; it is a cable-strayed bridge with three spans. 
The main span jf^ O meter long (Fig.13). The bridge is suspended by 
means>of 2£8%^pdons. Each cable has some high strength steel cable of 
1.5 crrvttam^Cer. The measurement was made by removing the plastic 
dtftlL;andjpacing the corrosion rate meter directly on the grout (see 





Fig.13: "Barrios de Luna" Bridge 


it is p 


Once it is achieved an electrical connectivity possible to measure 
different electrical and electrochemical |5fflN4eters: resistivity (Fig.l4a), 
potential (Fig. 14b) and corrosion rate (Fig.l4c). All these parameters let 
us to evaluate the service life of the brie 



(a) (b) 

Fig. 14. Electrical and electrochemical measurements, (a) Resistivity measurement, (b) 


Electrochemical potential. 









Fig. 14. Electrical and electrochemical 
measurements, (c) Corrosion rate 
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Fig.15 and Fig.16 show the potential and corrosion of different 

tendons. Assuming that the process is that of gjpapratked corrosion and 
that the standards used for the assessment o ( f/reinforced concrete 
corrosion are relevant in this case, it is possible to distinguish three levels 
of corrosion according to electrochemical potential. And according to 
corrosion rate measurements it is dtesible to quantify this risk of 
deterioration. All these data ar©Wfcifary to evaluate the residual life of 
these components. *%sr 
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Fig.15: Electrochemical potential of tendons 






















































































A lot of values of the potential registered were in the range "moderate to 
high corrosion risk" (i.e. more than 50%) following ASTM standard. The 
potential readings are only qualitative and they serve to indicate that the 
tendons are in a situation where the corrosion is likely to grow. 

The quantification is made through the corrosion rate (Fig. 16). It has 
been detected that several points show values of the corrosion rate 
higher than O.lpA/cm 2 . 
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b) Example 2: Measu 


post-tensionned elements 


This example coafyni^Tbridge built in 1992 and formed by five spans of 
48, 60, 100, 60 and 48 meters. It has a composite section (steel - 
concr^)^micms variable in height and width through the five spans. 
Oyer supfcprB; negative bending moment is supported, both by a strong 
lo^Lpla|e and seven stiffeners, and a passive and active reinforcement 
and several prestressing tendons. 


When concreting, a change in the water table level of the well, used for 
concreting, allowed the sea water to penetrate into the water well, and 
finally the amount of chlorides in the concrete was around 7 times higher 
that the maximum allowed by standards (~0,4% in weight of cement). 
Thus, the corrosion in the concrete deck was detected since construction. 




























Fig.17: corrosion rate measured in-situ 

During eight years the bridge was continuously monitored in 
know the corrosion rate with the aid of a portable corrosio 
with modulated confinement of the current (Fig.17). The rji 
in two sections of the deck are represented in the forj 
(Fig.18). 
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The connection was^djoafe on the passive reinforcement as it was verified 
that it was electrically connected to the tendons. Therefore it was not 
necessaryjD^^e direct connection to the ducts. In addition, as the 
chlorides 'wkpe added in the mix, the corrosion of the passive 
enforcement was the same than that of the tendons. This was verified in 
one l!Ke, where direct measurement on the grout was made after 
performing a window in the duct (Fig.17). 

The cover of the duct was removed in several places in order to verify the 
loss in cross section and directly observe the type of corrosion. 


The results obtained showed that the corrosion was in general not too 
high (current density about 0.2 pA/cm 2 ) except in one of the sections 













were the values were higher, reaching sometimes values of 0.5 pA/cm 2 . 
The conclusions obtained were that the corrosion was not low in three 
sections of the bridge and moderate in one. The expected life of the 
tendons was calculated from around 15 to 40 years. 

However the failure risk would depend on whether stress corrosion 
cracking (SCC) develops or not. It is not known at present how to predict 
the occurrence or not of SCC. SCC would be one of the worst scenarios for 
the prediction. When it occurs, the failure is much quicker than when 
produced by normal corrosion. 





2.4.2. Electromagnetic Resonance RF-Measurement (ERM) 


The technique uses the electromagnetic resonance of the prestressing 
steel to detect and localize steel fractures and flaws in prestressing 
cables. The principle of the method is to consider the prestressing cable 
itself as a resonator located in a material with electromagnetic losses 
(concrete). An electromagnetic wave of variable frequency is coupled to 
the end of the cable (Fig. 19) and the reflection coefficient is Sll is 
scanned over a large spectrum (from low to high frequencies) by mean of 
a vector network analyser. The resonance frequencies are recorded and 
the spacing between two adjacent resonance frequencies Af (Fig 
inverse in proportion to the length I of the tendon, from the sc 
up to the fracture, and also depends on the dielectric p^mimvit^ 
surrounding material s r as it is shown in the following eqtJWon 

& 



al., 2008]. 
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Fig.19 : principl 
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Fig.20: reflection parameter Sll versus frequency f for a 5.2 
m long strand in air with and without fracture 


Ooe of the difficulties of the technique is to evaluate the permittivity of 
the surrounding medium. If it is unknown, the distance to the fracture can 
be deWrmined by comparing the ratio of the measured spacings on the 
broken wire with the ones of an unbroken wire. The possible limits of the 
methods are: 



- the presence of voids (filled with air or with a salt solution) in the grout 
which can induce a important change of the dielectric permittivity, 

- the contact between the cable and the metallic duct, and in this case the 
duct is investigated and not the cable. 











2.5. Calibration aspects 


A calibration is not necessary in all the cases. If the aim of the 
sounding is only limited to the detection of failures on the cables and 
not to the evaluation of the number of broken wires, some of the 
techniques are able to provide such information with rather good 
reliability. For instance, magnetic technique has proved efficiency 
for detecting broken wires and moreover, for this technique, 
sensitivity studies realized in laboratory conditions [Scheel^md 
Hillemeier, 2003] can be used for a calibration procedure on&^p. ^ 

On the other hand, sometimes, a full diagnosis of thg wfmlejendon 
can be required in order to provide reliable infornutWmTjor a re¬ 
calculation of the structure. In this case, informatkAt^kk the number 
of broken wires, the condition of the wires (fc^mstmce is there a 
corrosion activity) are necessary to be pro xn fj^tj rth e engineers. 

Moreover, for a prognosis of the evo litticki of the cable condition, 
another kind of information canjqe required like, the quality of the 
grout, the activity degree of the pahmopion process, the presence of 
chlorides and so on. In this/mAmdi relative calibration could be 
helpful, because up to hfypJ iains very difficult to provide data 
regarding these ditkrejty/pk&its by non intrusive means. Thus, the 
only available meartk^acMeve this calibration consists on making a 
window throughtf^s^cture, up to the cable. As the depth of the 
cable is usuamfal least 20 or 30 cm (more in some cases) the 
window isj>er%3isabling for the integrity of the structure. 


2.6. Evaluation and comparison of the techniques 


Only radiography, magnetic and acoustic emission are compared. The evaluation 
is presented in the following table regarding several characteristics [Ciolko and 
Tabatabai, 1999]. For a given characteristic each of the three techniques is ranked 
(with A > B > C). A mark “A” doesn’t systematically mean that the technique is 
very good and on the other hand “C” is not a depreciation of the technique. These 
marks have to be rather considered like a relative classification of the three 
techniques. 


Table 1: comparison of the techniques ( R = radiography, M = magnetic techniques, AE = 
acoustic emission) 


Characteristics 


Applications 


Pre-tensioned structures 
Post-tensioned structures with metallic 
ducts 

Post-tensioned structures with plastic 
ducts 


Detection of cable or wire failures 
Number of broken wires 
Localisation of failures 
Detection of wire damage 
Detection of corrosion 



Combination 

considerations 


Safety parameters 


For a ftjter m ljgl nentati on of the 
^^technique 


better assessment 


C 
A 
A 


Radar 

IE 

Magnetic 

Magnetic 


Nothing 

Magnetic 

Radio 




RequiredLstaff 

trainfflctim 


ff and 


Cq*%pnsideralons 1 


required for users and passers- 

_by_ 

Total crew size 
Required training time 


Cost of implementation 


6 : some experts underline the difficulty to asses pre-tensioned prestressed structures 
with AE 

7 : the shadowing effect of the duct can reduce the signal but it is possible to keep 60 to 
80% which can be sufficient in many cases [Scheel, 2003] Nevertheless the junction of the 
metallic ducts can disturb the measurement. 

8 : continuous monitoring can disable the diagnosis since the assessment is not 
immediate 

9 : calibration is destructive and consists in doing a window through the structure up to 
the cable 













3. What can be done for a better assessment? Combination 
possibilities 


For a recalculation process what is important is to detect 
and to localize the ruptures or the damages and if possible 
to quantify the number of broken wires. Up to now, to be 
accurate and reliable, the answer to this question requires 
a windowing in the structure so as to observe the cable. 
But this process is heavy and can alter the integrity * tl 
structure. The combination of techniques cou^l tl so 

as to optimize the interventions and to decrease the 
windowing operations. Radiography whicjfyfyfjm imaging 
technique, usually provides relevant iifymrmation about the 
whole tendon (cable integrity and edMgJn the same time, 
quality of the grout), but its imjmmentation is expensive 
and hazardous. A limitatw\or a rationalization of 
radiography investigation^w^yu first sounding with other 
methods (magnetic, axaim pf emission, impact echo) could 
be proposed. TJ^e lAagr&tic methods are able to identify 
and to localize tMe^pnures on a cable. 

Nevertheless0)ora global assessment of the structure, 
neither t^^^Mnetic methods, nor the radiography can be 
hejpfdkfy^nonitoring technique such as acoustic emission 
lie J/b localize areas where failures occur, at the global 
scale of the structure. But this localization is not accurate. 
Once this localization is done, magnetic technique could 
be very useful to localize the rupture with higher accuracy. 
In chosen areas, radiography could be performed to go 


l( -’: for information 








further in the diagnosis and to define the condition of the 
whole tendon (presence of grout, defect in the duct...). 
Nevertheless, to go further and to establish a prognosis of 
the structure evolution, another important point is the 
definition of the origin of the rupture of the cable. 
Particularly, if there is a bad grouting what is the nature 
of the medium surrounding the cable or is there a 
favorable condition for the development of corrosio^Sjf 
corrosion is involved what is its activity level?/ 0 Sm^for 
such level of investigation a windowuyg\mdnains 

& 

the techniques were 

ridgeJocated in Foix in the 
ndeKsurvey since 1995, because 
rupture of cable could 


necessary. 

The following describes an example where 
combined. It concerns a prestressed concrete b 
South of France. This bridge was placed undei\su 
some recalculations have shown t|iat as\ff^e 
involve a sudden failure of the bridge. So a monitoring of the bridge by AE 
has been performed during a period.of three years [Robert et al, 2000] in 
order to survey the behaviour <fc*ne*bridge and to identify the ruptures. 


The dimensions of the 
post-tensioned test 
beam are 2.10 m high 
and approximately 9.50 
m long. The height of 
the web is 1.10 m and 
its thickness is 0.20 m. 
Its reinforcement is 
composed of vertical 
bars and 11 post- 
tensioned tendons, 
including five 
anchorages at the end 
stringer and six in the 
top. 



Fig.21: post-tensionned beam 











During this period the five prestressed beams of the bridge were 
monitored and 13 events which have been linked to failures of wires or 
cables have been identified. One of the beams has cumulated 7 events 
which were all localized at its extremity. The intensity of the last event 
monitored was so high that the bridge owner decided to close the bridge 
and shortly after the bridge has been demolished. 


During the bridge demolition, it was decided to perform an autopsy on 
the beam that presented the highest level of presumed defects in order 
to validate the acoustic monitoring. In addition, prior to the destruction of 
the beam, an experimental program to evaluate numerous non¬ 
destructive testing (NDT) methods was initiated. So, Impact Ichq radar 
and radiography were implemented on the areas wereilwlun^ had been 
detected [Derobert et al, 2002]. Radar was only use|l for the localization 
of tendons. For the radiographic investigation, a^^ ^graphic numerical 
system, called the digital phosphor system (DPS) which scans into a 
numerical film, has been used. Its major ^vavitages, in comparison with 
the classical radiographic techniqu^^onsist of an accurate positioning of 
the prestressed ducts and tendons a^vfW^as of reinforcement bars. In the 
vicinity of the detected faiIures^%feft4wo zones were investigated. The 
radiographic films obtainidj» »f p resented on Fig.22. The first zone 
revealed a completeJacLoTg^Uting (dark area above the cable) around 
the tendons (dark a^^y i^he central duct (Fig.22a), while the second 
one indicates a correct jjpTction in the central duct (Fig.22b). 



(a) 


(b) 


Fig.22: radiographic films 




Even if the quality of the radiographic films was rather good, the 
technique was not able to reveal the presence of failures on the cable in 
these zones. 



sy 


Another interesting approach of this study is the implementation of the IE 
technique for the detection of voids in the ducts. The results clearly 
emphasize the ability of the technique to detect the empty duct which 
was revealed by the radiography. 

So, after performing NDT, the beam was completely destroyed by 
demolition. After completely removing the tendons, the_a. 
permitted to confirm the fractures detected by AE. The ol^ervetion of the 
cables showed that they were manually greased in order to provide 
adequate protection against corrosion given the age ofVjJrfiWidge. But in 
some specific locations, the lack of grease reflect9^tresYcorrosion with 
wire fracture and, in two cases, a cable fracture. 

4. Benchmarking sites: examples 


Even if the problem is more and morelmportant, too few non destructive 
techniques are availably for detetfing the failures of prestressing cables. 
Moreover there is a^^k^^uiSeIines or recommendations regarding the 
implementation of /hSk^fechniques for the diagnosis of ruptures of 
prestressing cables. Existing methods use very different approaches and 
are not efficientMjMe same scale. 



AcoustlVeon which is a monitoring technique can detect occurring 
rdmures and localize them. But it does not allow quantifying the number 
of bWKen wires which is nevertheless one of the more important 
information regarding a recalculation process of the structure. Magnetic 
techniques are able to localize existing ruptures but without possibility of 
quantifying the number of ruptures. Radiography is interesting by 
providing an image of the whole tendon but, up to now, it remains 
difficult to reveal the presence of wire failures due to insufficient 
resolution. Moreover radiography is hazardous and its implementation 


requires a protection area around the structure. Nevertheless, despite of 
this disadvantage which makes it rather heavy to implement, radiography 
can also provide information on the grouting quality which can be one of 
the origins of the failure of the cables, in case of corrosion for instance. 


Our aim is to show that a combination of these three techniques should 
efficiently improve the assessment of prestressing cables. The main 
interest of the combination could be the gradual assessment of the cable 
integrity: firstly at the level of the whole structure by an acoustic 
monitoring, secondly on a part of the structure by magnetic tedyniqo^s- 
implemented on the supposed damaged cable if it is accepstWe^nd 
finally at the scale of the cable, by radiography done dfvthe jd/naged 
area. 

A I 

Some benchmarking sites could be designed for thia^Ljm^Jse. The rupture 
of the wires could be induced by means of an acc§Jerared corrosion of the 
cables like it was proposed by Flicker and Vo^al^@e 2.3.3.) or by Sawade 
[Sawade, 2007]. In this last example, in a prewressed beam, a cable was 
treated with a solution of NH 4 SCN ajIlyHCL and polarized with -1200 mV 

fed by magnetic flux leakage 


rvals. 


(Fig.23). The cable has been 
measurements at different time intorv 

. %y 

Another study perMnr\A§l [ff^Perrin et al [Perrin et al, 2009] also 
permitted to detect failures on a strand by acoustic emission on a 
simulated prestressed concrete structure (Fig.24). A full anchorage was 
used and the strand was placed inside an injected duct. The full 
anchoj^gesfwere composed by a concrete block with reinforcing bars and 
an ^anchorage head. A duct was placed on a half part of the strand. The 
|orage B and the duct were injected with a cement grout. A corrosion 
cell Wc/s placed in the middle of the strand and a corrosive solution 
composed with 250 g/l of ammonium thiocyanate (NH 4 SCN) was placed in 
the cell and kept at a constant temperature of 50°C due to liquid 
circulating from a boiler. This structure was instrumented with an 
acoustic emission monitoring system with 12 different sensors. 



Fig.23: laboratory prestressed beam for detecting a wire failuj 
magnetic flux leakage method [Sawade, 2007] 
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ated structure for monitoring wire failure by acoustic 
emission [Perrin et al, 2009] 

Sj 4 £h exafapl^s of simulated or simplified structures could be used for a 
reli^^^ontrol of the cable ruptures by means of a corrosion accelerated 
process and for implementing the three techniques in combination. This 
should allow a better knowledge of the sensitivity of the different 
techniques and also their limits. So, some guidelines or recommendations 
regarding both implementation of the techniques and use in combination 
could be written. 




















5. Conclusions 


The detection of broken wires or broken cables in prestressed concrete 
structures remains one of the most important challenges for Non 
Destructive Testing in Civil Engineering. This is a difficult topic due to the 
complexity of prestressing technology. Indeed, in post-tensioned 
structures, the cables are placed in a duct (generally metallic) filled by a 
cement grout. The thickness of concrete above the duct can attain many 
decimeter, which makes difficult the assessment from the su rfac e. 
Moreover a passive reinforcement mesh placed between the surfaQB anfef 
the tendons can disturb the signal propagation of the NDT methSi|, T 

*AJ 

This chapter discussed three techniques which can be clteidered as 
relevant for this concern, since they have been succpslf® used on real 


structures: 


jccpssti 

& 

e IBses 


- radiography, imaging technique allowing the iBSessment of both the 
grout and the duct. Identification of brok^r^Wes can be possible in some 
cases; 


h. 


- magnetic techniques, able to d^cHSfoken wires up to 30 cm depth; 

- acoustic emission, a monifc^^g technique able to detect and to localize 
ruptures when they occur. 

These techniques were detailed, illustrated by case studies and their 
performance^were compared. Standards or guidelines are available for 
radioptfapht bLW'fiot for magnetic techniques or acoustic emission. For 
this las^echnique, which is commonly implemented on bridges by 
seviyil cj/npanies, some guidelines should be written. 


Some possibilities of combination of these techniques and an example on 
a bridge beam were presented, but this example is probably unique. 
However, given the usual difficulties for investigating the cable integrity 
which requires a windowing to achieve a reliable diagnosis, the 
combination of the three techniques detailed above could be considered. 











Testing sites to define the sensitivity of the techniques and the added 
value of the combination should be also developed. 


Finally there is also an important need of development of new methods, 
not only for the detection of broken wires but also for identifying the 
origins of the ruptures of cables (corrosion assessment, contamination of 
the cable environment by chlorides ...). In a predictive approach, so as to 
predict new ruptures, reliable methods for measuring the speed of 
corrosion should be also developed. 
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Non destructive assessment of concrete structures: 
combination of different techniques for addressing new 
challenges 


Denys Breysse, Vincent Gamier 


1 Introduction: a new challenge for combination 

The combination of techniques is central tg t\is Dook. In the six previous 
chapters it has been discussed, how geomemlal parameters or material 
properties can be assessed. HoweveS^t has not been analyzed in detail, 
from an analytical point of view, how and why these combinations work. 
What are the possible limi^ arM/^ir most interesting fields of interest? 
In this last chapter, our^bje^we is to highlight some general principles so 
as to better understand what (and why) can be efficient strategies of 
combination. New challenges will be addressed and priorities for future 
developments will be identified. 

The first part of this chapter tries to make some general, theoretical 
statements. Then examples will follow and conclusions will be drawn. 

^/ever/ltKese conclusions will not be case-specific or application 
spe^lp^hey will remain valid for all problems that have been addressed 
in the different chapters of this book. 


Chapter 1 described what experts are expecting when they combine 
several NDT methods. These expectations were classified in Type [A], [B] 
and [C] cases. In all the cases cited, the combination of techniques 
remained more or less a comparison between independent sets of 
results, whatever the techniques used and whatever the type of structure 
























or the kind of problem analyzed (mechanical or alkali-aggregate damage, 
delamination detection, strength assessment...). A more ambitious way of 
combining NDT methods will be presented here and named: Type [D] 
combination. 


The idea of Type [D] combination is to combine two techniques, such as 
the result given by the first measurement can be corrected according to 
the second measurement value. The "SonReb" method, which has been 
developed many years ago to estimate on site concrete strength 
[Malhotra, 1981], is an example of such a combination. The Re^tad 
number gives a first assessment of the concrete strength, which is 
corrected with Ultrasonic Pulse Velocity (UPV). In practice, the usef can 
read the concrete strength in a chart where iso-strength^^^fe are a 
combined function of Rebound and UPV (see Chapter 3 for mdre details). 

A Type [D] combination can have two main fields of application: 

• when the first measurement is sensitive to tw^^Fluential parameters, 
a second technique, sensitive to one orytwo of these parameters, 
enables the inversion of the sy§tem and the quantification of each 
parameter, 

• if the first technique is sensiji 
to a bias factor (e.g., t< 
measuring a second #arSH^fl 

In both cases, the generi^problem results from using a single NDT 
method that is sensjyyejro two or more parameters. In this situation, it is 
not possible to derive the value of a first parameter from a unique 
measurement. A contrario, a second technique, also sensitive to these 
two parameters (or only to the second one) can enable an elimination of 
t^C effect! dr the second parameter. The second parameter can be 
mati^J^property (internal) or environmental (e.g. air temperature and 
humidity). 


ne influential parameter, but also 
e) the bias effect can be reduced by 
which is also sensitive to this bias. 


The problem can be expressed in terms of sensitivity of measurements to 
influential variables. This explains why NDT has so many drawbacks. 
When NDT methods are considered as not being reliable, this means that 
one cannot simply derive the value of the influential variable which is 
looked for from that of the measured value. Calibration curves or 
























additional measurements on cores are required (see Chapter 3 for the 
case of concrete strength assessment). 

The ideal case would be when one has a unique influential variable Y and 
a unique relationship giving the NDT parameter value T: 

T=/(Y) 

In that ideal case, the inversion Y =/ 1 (T) would provide the Y value. It will 
be shown why real situations are not so simple and this issue will be 
addressed in more detail in the following. 






























Let us consider as an example the Young modulus E or concrete strength 
R c evaluation, using ultrasonic wave propagation. The P-wave velocity V is 
known to be related to these parameters (this issue has been addressed 
in detail in Chapter 3). Thus, if one knows the V = /(E) model (or the V = 
g(R c ) model), a velocity measurement V would provide the value of E 
(resp. R c ) by inversion of this/(resp. g) model. 

However, in practice, three additional difficulties may be faced: 


• the exact models f or q are not known and they can only be 
approximated (by empirical relations, based on statistical analy^ff^or 
by using theoretical models). For instance, / can be based on the 
elasticity theory whereas g is taken from an empirical model. Thefuse 
of calibration is therefore common, since it enable^tr^hefng the 
model error by comparing the estimations with tl ^m e^urements, 
and by adapting the value of some model parameters. In any case a 
model error remains; 

• each measurement , including that of velocity V jiself, has some error 
or uncertainty : two successive measurements at the same point under 
identical conditions will not give the sam# results. If measurements 
are used for calibration, this measurement error has also an influence 
on model error, 

• other parameters (temperafe^oFhumidity for instance) can influence 
the relation between Y a;^Wne consequence is an additional model 
error if these par^met%s are^not considered. 

For all these reasons, it is crucial to understand why and how the 
combination of techniques can result in added value: 



• if two ipgameters, which a given technique is sensitive to, vary 
sir^lt^fec^^, the reason for the measured variation cannot be 
jden^ec^tfithout additional information. This is, for example, the case 
<‘"‘%/hen a variation in water content (due to varying environmental 
coercions) is superimposed to a variation in the concrete 
microstructure (porosity of the cement paste). In this case, it is not 
possible to establish a direct link between the observed variation of 
the measured property (wave velocity, electrical resistivity...) and the 
physical cause. This is, of course, a crucial point for diagnosis since a 
variation of the microstructure can reveal some defect or damage 
when the water content may also vary simply because of the 









































environment at the time of measurement (temperature, sun exposure, 
rain or wind...), 

• the combination of two non-destructive techniques can provide 
additional information only if the sensitivity to the two parameters is 
different for the two techniques. 


2. The identification / inversion problem 


2.1. Understanding the complexity of the problem 

We will develop here a very general formulation that c an be applied to all 
assessment problems addressed in this book: stren|jm assessment, 
damage detection, geometry assessment... Thf^basKidea is that one 
always has at least one property Y that is loo^crwfand at least one NDT 
measurement T. The physical property rfTO^red with the NDT usually 
differs from the parameter one wants to evaluate. 

Several levels of uncertainty arise from physical considerations and 
modelling, from the measurempntiprocess itself and from the material 
variability. A more dd^iil^ ^^ sight into the physics of the involved 
phenomena is necessary for a better understanding. Let us call: 

• Y the property fthat is looked for (dimension, strength, modulus, 
activity of corrosion...) 

• and T thps^asdred value (electrical resistivity, magnitude or time of 
arpifal4|a signal, electrical potential...). 

NJgO" is based on the assumption that some correlation exists between Y 
and I, tQFinstance between a length Y and the time of arrival T of a signal. 
Figure 1 illustrates what kind of relationships can exist between various 
material properties and why NDT interpretation is such a complex task. 
The black and grey arrows denote some correlation between properties 
and the orange and red arrows denote some sensitivity of a technique to 
parameters. At the center, one finds material properties (in blue boxes), 
which are representative of the material: porosity and connectivity on 





























one hand, water content and saturation rate on the other hand. The 
former can be considered as constant with time (at least at short term, 
since they can slowly vary due to chemical processes), while the latter can 
vary due to environmental changes and concrete hygroscopicity. On the 
left part of the diagram, one finds the engineering properties which are 
related to material properties (grey double arrows). Finally, on the right 
part, one has physical properties T measured through NDT (here 
electrical conductivity and UPV), which depend on material properties 
(red double arrows) but also on some disturbing factors, for ins^a^ce 
temperature (orange arrows). Environmental factors E must Jfc 
taken into consideration, since they influence the T values. 



elastic 

modulus 





A T < 

T, HR 


conductivity 


ultrasonic 


pulse velocity 


Physical properties T 
Observables 


|yic diagram of relations between engineering and material properties Y, NDT 
measurements T and environmental factors E. 

F in Figure 1 shows that: 

• the assessment of Y parameters does not reduce to the inversion of a 
simple T = f(Y) relation, 


• any existing correlation between two techniques (here conductivity 
and US pulse velocity) also follows a very complex scheme, which 
must be understood before being used. 









NDT measurements can be sensitive to both the engineering parameters 
(strength or Young modulus), which are rather stable with time, and to 
the water content, which can vary at short term according to 
environmental conditions. One can consider for example the case of 
corrosion assessment, since electrochemical measurements are known to 
be highly influenced by environmental conditions (temperature, 
humidity) [Andrade et al, 2002]. In this case: 


• one cannot say if the measured variations result from a variation of 
the engineering parameter or water content, 

• one has to take into account this sensitivity for quantif^^ tHe 
engineering parameter. 

This is a main cause that hinders the practical use of N D^L^Wsidering 
that a measurement T is sensitive to a first parameter Y^hrose value is 
expected, and to one or several "influence factors'^^th^ffect of these 
influence factors has to be eliminated or at least'^dueed during the data 
processing. 



2.2. Formalizing the problem 

Before going further wth.fl||tjcal examples, it is important to consider 

the main factors thaty^m influence the quality of the identification / 
inversion problem. This wfll help to understand why the combination of 
techniques can be more or less efficient. 


2.2,1. e ’weight of sensitivities 



Let tfWcok at this issue, using a very general formalism. What has been 
told in previous section remains valid if one considers two (or more) T 
parameters and two (or more) Y parameters. If one considers, for 
instance, two measured variables Ti and T 2 and two material parameters 
Yi and Y 2 to be evaluated, one can write 

Ti - fi (Yi, Y 2 ) and T 2 =/ 2 (Y 1/ Y 2 ) [1] 






where fi,i=i ,2 are the "models" linking Yj and Tj. The efficiency of the 
combination of techniques will increase with increasing values of the 
"crossed sensitivity" G: 

G = [ (dT 1 /dY 1 )(dT 2 /aY 2 ) - (aT 1 /dY 2 )(eT 2 /dY 1 ) ] / [ (dVdY^dVdY,) ] [2] 


A value of G equal to zero means that the two techniques have exactly 
the same sensitivities to the two Yj parameters, being thus totally 
redundant. In that situation, there is no interest to combine them, except 
if one just looks for mutual confirmation (Type [A] combination). When 
looking for interesting combinations, one has to consider the sig^fcaid. 
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ity" is 


e same sign, 


values of the four partial derivatives dTj/dYj, i = {1, 2}. The 
therefore the identification of techniques whose "crossed s 
different. 

For instance, if one assumes that dTi/dYi and <3T 2 /<3Y 
techniques such as: 

SGN (dTj/dYz) * SGN (dJ 2 /d\ 1 ) a %*/ [3] 

have a high interest, since they increase the G value. In practice, this 
means that both techniques are positively sensitive to the first parameter 
Y 1; but that the second parameter Y 2 ^$ an adverse effect on the two 
techniques: it decreases the ft® measurement when it increases the 
second one. 

This case has beej^^cfffltes^ed into details in Chapter 3, when we 
described the Sonrebra^hnique, as a useful combination for concrete 
strength assessment: the Sonreb consists in combining two techniques 
(US velocity and rebound) which are positively sensitive to strength, while 
having^ d/fferem sensitivity to concrete water content. 

Tb£ prioVy is to find techniques maximizing the upper term in the 
expression for G (Eq. [2]). Two things are relevant: 

(a) the sensitivity of each individual technique to the Y parameters, 


(b) the relations between these sensitivities, the best being when the 
sensitivities of the two techniques are very different, thus 
maximizing G. 


This can be illustrated in practice by using empirical relationships which 
have been identified during the SENSO program [Balayssac, 2008]. These 
























relationships are similar to the conversion curves discussed in Chapter 3. 
Here linear models are considered: 

Ti = A a Yi + B a Y 2 + Ci and T 2 = A 2 Y a + B 2 Y 2 + C 2 [4] 

In this case, G writes: 

G = (A 1 B 2 -B 1 A 2 )/A 1 B 1 [5] 

The absolute value of G is minimal when AiB 2 = B 2 Ai, i.e. when the two 
expressions are exactly proportional. Each model can be represented by a 















Figure 3. Model for the logarithm of electrical resistivity (techn iqjje f^n Jable 2, see below) as 
a function of saturation rate (in %) and p^ro^yJm%) 

Figures 2 and 3 show how the US veloc ity' andThe electrical resistivity 
both decrease when the porosity^increasesTwhile the influence of an 
increase of saturation is differenty^e US velocity increases but the 
electrical resistivity decreases. IMs^j^rerent sensitivity is the key point 
when combining the techniques. 

The level of complemenf^dty^^i be expressed: 

• through the angle u Jbeween the vectors perpendicular to the two 
planes: 

a = arc cos [ (1 + B, B 2 ) / V {(1 + V + B, 2 ) (1 + A 2 2 + B 2 2 )} ] [6] 

■ and (more atefctly) through the angle a' between two horizontal lines 
belonging^ the two respective planes: 

a^ccffc [ (Aa A 2 + B a B 2 ) / V {( A a 2 + B, 2 ) (A 2 2 + B 2 2 )} ] [7] 

The G function of Eq. [2] writes here: 

G = (A a B 2 -A 2 B 1 )/A 1 B 2 


and G = 0 corresponds to Ai B 2 - A 2 Bi, which means that the two models 
are proportional. This condition also corresponds to a'= 0 in Eq. [7], The 
larger the a' value, the better the complementarity of the two 
techniques. The a' coefficient can be named "complementarity index". 










One can note that is also possible to consider normalized parameters, 
replacing the equations: 

Ti = Ai Yi + Bi Y 2 + Ci 
with 

Ti/Ci = ai Y'i + bi Y' 2 + 1 [8] 


where Y'i = Yi /Yi re f , ai = A 1 Y 1 re f /Q and bi = BiY 2 re f /Ci. In these 
expressions, Y jre f are arbitrary reference values, with the same units^tYi- 
Please note that the ai parameters in Eq. [8] have no unit. 


nits as Yi. 


2.2.2. The weight of measurement noise 

The quality of the measurement is an important factor. Since the 
measured values Ti M and T 2M will differ from thfl^ffu^properties T 1t and 
T 2T , the better the reproducibility, the beror the efficiency of 
combination. One can write 

Tim = Tu + Si and T 2M = T 2T + [9] 

with measurement errors Si and^%%t^se errors include: 

• random errors and systemic errors, e.g. due to the processing 
device, 

• additional nois^T^tofs; among which low scale material variability 
and the influence of environmental factors (like temperature and 
humidity) not considered explicitly in the models. 

Because Q^^^surement errors, one often chooses to repeat the 
measUf^pnelto in a limited area around the reference point of 
isurenjpent (see Chapter 3 for rebound). The repetition leads to 
averafi^ regarding local variability. This issue has been recently 
addressed into details by [Breysse et al, 2008a], since the number of 
reasonable repetitions for each technique can be quantified as a function 
of the level of accuracy that is looked for and of the level of repeatability 
of the technique itself. Thus, the inversion of the system of equations: 

Tim=/i(Yi,Y 2 ) and T 2M = / 2 (Y,, Y 2 ) [10] 


with T iM instead of T iT cannot yield the exact values of Yi and Y 2 . 




















2.2.3. The importance of the quality of the model 


A last important element has to be considered: the inversion process 
requires solving the direct problem. Since the physical reality can only be 
approached by models, one must be aware that/i and/i are only models 
of the reality. Thus, model errors (or uncertainties) will result in 
uncertainties and errors in Y estimates. 


laboratory tests or complimentary 
improve the quality of calibration. 

2.2.4. The global problem. 


This is the reason why inversion problems in NDT often require a good 
(prior) calibration stage where a relationship between Y andjXis 
established before proceeding to inversion. 

Analytical models, empirical relations drawn from data f sets, additional 
laboratory tests or complimentary semi-destructive tests ^3 oe used to 

To summarize the above considerations, the general problem finally is to 
identify the material properties Yj (j=#JI) from the T iM measurement with: 

TiM=/i(Yj, E k ) + 8i(E k ) [11] 

Tii = F i (Y i ,E k ) [12] 

where T iT and T iN 
respectively, F-, and. 
and £| is the 
between Eq. 


ie true (expected) and measured values 
true (unknown) and identified relationships, 
5ment error. Two important differences exist 
Eq. [12]: 

th«^defltfieJT(assumed)/i is not identical to the true F i; 

• jithe measurement uncertainties Sj(E k ) the "true" NDT value is not 


In addition, the inversion problem can be ill-conditioned when the "cross¬ 
sensitivity" G (see Eq. [2]) or the "complementarity index" a' (see Eq. [ 8 ]) 
is small. 


Three general rules can now be drawn for an efficient combination of 
NDT: 











General rules for an efficient combination of Non Destructive Techniques 
The optimization of the combination of NDT techniques requires: 

(a) the selection of NDT techniques offering the best as possible "cross¬ 
sensitivity" G to the influencing parameters, 

(b) the reduction of the measurement uncertainties, including the 
consequences of uncontrolled environmental conditions, 

(c) to use a model which is the best possible description of the physical 
reality. 


Alternative ways are offered by a variety of meta-heurist^^Eethods 
which avoid formalizing the direct problem. For instance,fleural networks 
have recently proved to be very efficient for identifying material 
parameters in concrete [Sbartai et al, 2009]. These rpn^plicit methods 
require a learning stage (equivalent to the calibration process) and the 
range of validity of the model remains limltetki^ datasets which are 
similar to that used during learning. TjgT parameters of the neural 
network must be identified for eagb new concrete. This is a limit for a 


wider use of such models. 


a j4 ne 
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3. Practical case of Tvpr[D] combination for concrete properties 
assessment 


The two examples discussed in this section have been developed during 
the SENSO project. SENSO is a specific research program that has been 
designed und$r the auspices of French National Agency of Research 
(ANR) such as to quantify the relations between indicators (influential 
parall^jjers) and observables (measurements). A large series of NDT 
observables and concrete material properties (indicators) have been 
considered, namely: strength, elastic modulus, porosity, water content, 
carbonation depth, chloride content, amount of micro cracking. Various 
sources of uncertainties (measurement uncertainties, material 
variability, model errors...) have been systematically quantified. The full 















programme will not be described here in detail since the reader can refer 
to the literature [Balayssac, 2008, Breysse et al, 2008c]. 

Analysis of the variability of NDT measurements at various scales had 
lead experts to select five NDT observables that show a very good 
repeatability or/and are sensitive to the indicators. These are given at 
Table 2. The two examples discussed in the following are drawn from 
results obtained with these observables. 


Table 2. Best selected NDT observables. 
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Measured quantity 
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m.s’ 1 

t 3 

electrical 

logarithm of eleptnlal ^ 
resistiviqp^il 

^ Re2 
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3.1. Porosity a ndwat er content assessment by combining two NDT 
method 



Df the five observables, multiregression linear models were 
from statistical analysis of datasets for a series of indicators. 
The first example focuses on the combined influence of porosity and 
saturation rate on Young modulus. This combined influence is well 
known, for instance, on acoustic parameters, since the US velocity 
depends on porosity (thus Young modulus) but also varies with water 
content [Soltani et al, 2009]. 



Two observables show significant complementarity if they have a 
different sensitivity to indicators as it was expressed in Eq. [2] and Eq. [8]. 
Figures 2 and 3 show multi-regression models in 3-dimensions for 
observables T 2 and T 3 (quantities to be measured) and the two indicators 
porosity and water content. The different orientations in space of the two 
regression surfaces corresponds to different partial derivative values 
dTi/dYi and confirms the good complementarity between surface wave 
velocity and electrical resistivity. This is equivalent to a "good value" of 
the coefficient G defined in Eq. [2]). 



Since the orientation of the planes in the 3D-space is ve#/ different, any 
couple of values (T 2 , T 3 ) will provide a well-conditioned pair of equations, 
enabling a good inversion of the system. This can be in Figure 4, 
which represents the projection onto the horizdrtol plane (porosity, 
saturation rate Sr) for a given series of measurements. The angles a' 
between the different lines are directly vi sible in tiffs figure. 

Figure 4 shows that the information provided by four out of the five 
observables is very consistent. The fifth one (radar measurement T 4 , RAI) 
gives a contradictory information. This is the result of the model used for 
radar. It has been assumqdji anojri that a multiregression linear model 
was appropriate for # tbis^|gchnique and the relevant regression 
coefficients were i^^#fi^Kand kept in the model. In fact, the T 4 
dependency on polity is statistically non significant and it should have 
been removed frpm the model, keeping only the S r dependancy, thus 
resulting in vertical line in Figure 4. Figure 4 shows how the Type [D] 
comtrrri^tlon works, since, as soon as two techniques show a good level of 
cjatoplementarity, the system inversion and the determination of the 
cou^^T indicators is possible. It also shows that the two US techniques 
(US8, US3c) provide consistent but redundant information. If the 
assessment would be relying on these two methods only, the system of 
equation would be ill-conditioned and a large uncertainty would result. 
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Figure 4. Regression lines enabling estimation of porosity and sanation rate 
from measurements of the various observables (see Table■■Z joL lerendV 

3.2. Young modulus assessment by combinina two or more NDT 
measurements 


3.2.1. Strate 

The second exampl 
modulus asses: 
common chollei,, 





o^pombihation 

es the application of the same logic to Young 
estimation of concrete Young modulus is a 

_ for structural assessment. Sonic and ultrasonic 

meastmerYreats are widely used for the condition assessment of building 
terialsN Fbr elastic materials, there is a theoretical relationship 
bet\/^gp^the velocity of P-waves and the elasticity modulus E: 


E = c V L 2 p or V L 2 = E / c p 
[13] 

where V L is the velocity of P-waves (in m.s" 1 ), p is the volumetric mass (in 
kg.m" 3 ) and c is a constant which depends on the Poisson's ratio v. Thus, if 
linear elasticity is assumed and values are assigned to v and p, the 
measurement of V L directly leads to a value of the Young modulus. 


















Changes in environmental conditions such as temperature or relative air 
humidity, modify the water content in concrete, thus both Young 
modulus E and V L . Another difficulty is that the material mass density p 
may change (as it is probably the case for the Poisson's ratio v), and it 
cannot be longer assumed as constant in Eq. [12]. 

To summarize, the fact that environmental conditions cannot be fully 
controlled will influence: 


(a) the real parameter to identify E, 

(b) the non destructive measurement of V L , 

(c) the relation between E and V L . If a model has been identi this 

relation, changing the environment will induce model errors 

Since UPV measurements are very easy to handle, they Bave^oeen often 
combined to a secondary technique for material assessment. One 
approach is to combine them with another techalMle that is also sensitive 
to water content. Capacitive measurement^ [Hsiax et al, 2007], GPR 
measurements [Saisi et al, 2001, Laurens - ^*^, 2003], IR thermography 
[Sirieix et al, 2007, Kandemir-Yucel e| al, 2007] or electrical resistivity 
[Sirieix et al, 2007, Breysse et al, 2008b] tfave been used for this purpose. 
However a more formal approacPpiDpears to be necessary. 

In the SENSO progran* a, statical analysis of measurement results 
recorded while varying the concrete composition and the saturation rate 
enabled the selection of the relevant observables. Multiple regression 
relationships between material properties (here saturation rate S r and 
Young modulus? E) 4nd NDT measurements T were identified [LMDC- 
SENSCK2Q&3]: V 

k 2 o + 4.87 S r + 26.4 E [14] 


T 2 = 2644 + 8.77 S r +39.1 E 
T 3 = 1.94-0.015 S r +0.053 E 
T 4 = 0.541 - 0.0016 S r + 0.0014 E 
T 5 = 0.956 + 0.00379 S r - 0.0032 E 


[15] 

[16] 

[17] 

[18] 


where S r and E are the saturation rate (in %) and the saturated Young's 
modulus (in GPa). Ti to T 5 are the same five NDT observables as in Table 







2 , with the same units (the units of the numerical coefficients are such as 
the relationships are consistent; e.g. in Eq. [14], Ti is in m.s' 1 , and the unit 
of the coefficient 26.4 is m.s _ 1 .GPa _1 ). 


These equations can be replaced with normalized equations ([14'] to 
[18']), in which S rre f = 100 and E re f = 10 GPa: 

Ti = 1128 (1 + 0.432 S r /S rref + 0.234 E/E ref ) 

T 2 = 2644 (1 + 0.332 S r /S rref + 0.148 E/E ref ) 

T 3 = 1.94 (1 - 0.786 S r /S r ref + 0.274 E/E ref ) 

T 4 = 0.541 (1-0.289 S r /S r ref + 0.025 E/E ref ) 

T 5 = 0.956 (1 + 0.397 S r /S r ref - 0.034 E/E ref ) 

In this case, the numerical coefficients are without unij 
magnitude is directly related with the sensitivity asJ%rfS^ discussed at 
Section 2.2.1. The different signs of these partial derivatives dT/dY, (Yi 
Sr, Y 2 = E) in Eq [14]-[18] or [14']-[18'] show that the degree of 
complementarity can be more or less ir gp ortant between any two of 
these five techniques. 



3.2.2. Assessment results 

cegrfjifeii 


Figures 5 and 6 showth^eg^pfeion lines corresponding to the measured 
values Ti in the S r -^clai^ with the five observables Ti-T 5 for two 
specimens (two slabs) made of the same concrete (w/c = 0.55) and kept 
under the same coitions. 

If both.the measurements and the (statistical regression) models were 
perfect,^lInures should cross in a unique point. If the material was 
rogeneous, the two graphs would be identical. Any difference 
between theory and practice is due to one of three reasons: 
measurements are not perfect, the linear regression model is an 
approximation, and the material is not homogeneous. 
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Figure 5. Use of linear regression model to identify the {S r , E} values for ( 

(code for techniques in Table 2) 



ete specimen 


Figu|£6. of frUear regression model to identify the {S r , E} values for a second concrete 
^pelppfien, identical to that of Figure 5 (code for techniques in Table 2). 

The complementarity of the techniques involved here (crossed-sensitivity, 
quantified by G in Eq. [2]) can be clearly seen since the lines have 
different slopes. If the two techniques with mechanical waves (Ti/US3c 
and T 2 /US6) give parallel lines, the two radar measurements (T 4 /Ral and 
T 5 /Ra7c) give two different parallel lines and the last technique, electric 
resistivity (T 3 /Re2) has a different slope. The larger the difference 
between slopes, the better the complementarity, with an optimum when 











































the a’ angle is between 60 and 120° (this angle is calculated accordingly 
to Eq. [9] and cannot be directly read on figures, because of different 
scales on the two axes). 

We can also note that the two radar measurements do not provide 
consistent results (neither between them, nor with the three other 
techniques). The reason of this fact will be explained in the following 
section. This poor consistency may induce conflicts between the possible 
values estimated for S r and E. 


3.2.3. Quality of the assessment and influential paramdtflte 

\v 

Figures 5 and 6 show the results corresponding to five c^erm^les (which 
have been selected from a larger set, since a lot of iHtffcriation has been 
obtained during the SENSO experimental program), but the method 
works as soon as two observables are avaiM^. Nevertheless, the 
assessment is not perfect, since the lines dp \ ot meet in a unique point. 
To give some basis for comparisonMhe measured value of S r , estimated 
by weighing the slabs is between 47 and54 % and the measured Young's 
modulus, obtained on cylindersJ# about 27 GPa. The S r value seems to be 
slightly overestimated, buLt^i4;Young modulus is accurately estimated. 
The differences b^W^rr^^il 
explanations: 


and estimation have two main 


the model eri%y^/fhe lines correspond [Eq. 13 to 17]. These 
relationships are empirical regressions identified between a data set 
and a gpp§§surement set. Linear relationships between Yj and Tj have 
systematically assumed. It will be shown below that this 
assumption may be inappropriate. 

leasurement uncertainty: changing the measured value moves 
each line parallel to itself. Thus the location of each line on the (S r , E) 
plane is only approximate, the magnitude of the uncertainty 
depending on the measurement uncertainty and on the regression 
coefficients of the linear relationships [14] to [18]. 


It can be seen from Figures 5 and 6 (drawn from measurements on a pair 
of twin slabs) that the position of the lines is very similar, showing a high 
consistency. However, one can note slight differences between the two 
















slabs, indicating that the measurement values are different. This is a 
consequence of the measurement variability (see Eq. [8]) that could be 
caused by noise, material variability and environmental conditions. 


Since this point appears to be of specific importance for quantifying the 
influence on the quality of the assessment, the experimental strategy in 
the SENSO program has consisted in systematically quantifying the 
variability, either due to the repeatability of the technique/measurement, 
or due to the material variability. This was done by recording multiple 
measurements, for each technique: (a) at a given point on a specimaf^Lb) 




at various points on a given specimen, (c) between specimens. 

This variability can be expressed in terms of Tj variance or#tan dard 
deviation. For instance, for the five observables, the standard deviations 


sd are: 


,-v 




sd (Ti) = 41.2; sd (T 2 ) = 11.5; sd (T 3 ) = 0.11; sd i 25; sd (T 5 ) = 0.020. 

The smaller is the standard deviation, th^ more accurate the estimation 
of {S r , E} when using the Eq. [14]-fly 18] for inversion. In addition, the 
knowledge of the standard deviation for each measurement provides 
information about the level jd^aWuracy of the estimate (a slightly 
different value of the measurement would correspond to a slight 
displacement of tlmNn^hr the E-S r diagram). For instance, if one 
considers the resistiyrf^ceasurement T3, with sd(T3) = 0.11, this leads to 
an uncertainty of about +/- 0.11/0.015 = +/- 6 % on Sr and of about +/- 
0.11/0.053 = +/- 2 GPa on E. Figure 7 provides the corresponding 
informatior/inysimilar to Figure 6 but only three techniques have been 
kept fonthe sake of clarity. For each of these techniques, the bandwidth 
tfl^psponping to +/- one standard deviation is drawn. It can be seen that 
US (03d -■ T 2 ) and resistivity (Re2 - T 3 ) are more efficient because of their 
smaller sd ranges than radar (Ral - T 4 ). 
























3,5 

3,3 

3,1 

2,9 

2,7 


2,1 

1,9 

1,7 

1,5 


E \ 



L* luuuuivira; - t 

\ Nw / 

/ /}/ 

\ 




\\\^ 

/A 


- -Re2 

MX// 


- US 6 



Ra 1 

A//h 

rsr\ 


/}/ / 

\K\ 

/ 

/y / 

Sr ( v ioo %) 

// 

A / 

/ \ ] 

0 0,2 

0,4 0,6 

0,8 1 


Figure 7. Use of linear regression model to identify the {S r , E} values vjfltl 

(code for techniques in Table 2). 


jes with r 

i, 


V° 

■ 


S' 


of uncertainties 


Looking at the bandwidths also provides a range of values for {S r , E} pairs 
directly visible in the Figure. It can be said here that Young modulus 
ranges between 23 and 27 MPa an^hat saturation rate ranges between 
50 and 65%. 


4. Data fusion 



The deterministic prfkeSfcbf combination presented in the previous 
section has two'lpain limitations: 

the r e i. no information on the quality of the results and no 
spnngence interval for estimated values, 

thjfere is no solution to the possible conflict between the solutions 
fiven by different observables. 

It has been shown at Chapter 3 that data fusion can offer interesting 
possibilities for solving these problems. Data fusion has been used for the 
assessment of civil engineering components [Gros et al, 1999, Kohl et al, 
2006, Streicher et al. 2006, Horn 2006, Maierhofer 2008, Hugenschmidt 
and Kalogeropoulos 2009], but it is mainly used for image analysis where 
two or more images are compared and processed together. This can 



















highlight contrast or defects and reduce noise. One technique proposed 
by Dempster-Shafer [Shafer, 1976] allows to segment the image which is 
a way to detect cracks or inclusions. 


When dealing with material properties, values of indicators that vary 
continuously have to be estimated. This is the reason why frameworks 
like the theory of probabilities or the theory of possibilities can be helpful. 
The theory of possibilities is able to take into account the conflict 
between assessments originating from different observables. It thus can 
be used to combine the information provided by several ND techniqySk 

If one considers first one technique and one observable Tj for one 
indicator Yj, the value of the possibility n(Yj) ranges* between 0 (= 
impossible) to 1 (= sure). The shape of the distribution n(Yj) (figure 8) 
depends on the quality of the inversion Yj = /^TjkWMwidth of the 
plateau where n(Yj) = 1 is reduced if the observable is highly discriminant 
regarding Yj. . Lf j F 


possibility 



Figure 8. Possibjfitymslribution n(Yi) for an observable as a trapezoidal function of the 


If one now consid 
ip^rsion\f “ 
pairs%8OTres| 


indicator. 

isiders one observable and two indicators Yi and Y 2 , the 
the fj model (Eq. [1]) leads to an infinite number of {Yi, Y 2 } 
pairS^prfresponding to the regression model. With a deterministic 
approach, this corresponds to a line, like on Figures 5-6. However, data 
fusion assumes that the result is a distribution of possibility, for any {Yi, 
Y 2 } pair, as illustrated in figure 9 for determining the porosity (%) and the 
water saturation rate (%) from a single measurement. 
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Figure 9. Possibility distribution for one observable and two indicators: Yi (porosity (%))^^Y 2 
(water saturation rate (%)). Fig. 3a: 3D image, Fig. 3b: top view in the {Yi, Y 2 } ply 

Different NDT methods lead to different results. A further step is required 
to fuse the different distributions which have been creal%i m^the first 
step. This methodology has been used [Ploix et al, 2 (£)j9W-WDC-SENSQ. 


2009] in the SENSO Programme, working with 
common data set and a common library of nffoji 
regression models) as discussed in the previ<\is^ 
what kind of results can be obtained. 


iy techniques on a 
sis (empirical bilinear 
[ion. Figure 10 shows 
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istrfiution of possibilities for porosity and saturation, originating from several 
ds^ffer [Ploix et al, 2009]). Fig. 3a-3b: before and after fusion, Fig. 3c: 3D view. 

Thomas? on the left shows the distribution for four observables (Ti to 
T 4 ) for the assessment of water saturation rate (%) Yi and porosity (%) Y 2 . 
The central image shows what is obtained after the application of a 
mathematical operator for data fusion. The last picture (Fig. 3c) presents 
the same information in a 3D view. 






















Data fusion has three main advantages: 


• a visual representation that highlights the results and makes 
assessment easier; 

• an adaptive mathematical operator, for the assessment of the 
concordance between partial results provided by each observable. 
The concordance is maximum when there are no conflicts between 
the possibility distributions originating from the different 
observables; 


• the possibility to quantify a confidence index. It is determine^ 
analysing the "solution peak" morphology. 



In Figures 11 a-b, two situations are compared. They corfespc md t o cases 
where the expert's confidence in the techniques/mea8%reflfe?nts is low 
(left) or high (right). In the first case, even if the vakfe^On observable 
has been obtained, other results cannot be fully^cltided. In the second 
case, once a value has been measured, it excLud jgjfg fany possibilities that 
would be incompatible with it. This diffe rence is accounted for through 
the mathematical operator used fp&Jusing tfie different distributions of 
possibility. It leads to a final solulfo^^at is more or less contrasted 
regarding the final assessment Jfelter lla-b). In the picture on the left, 
the "solution peak" is weak^r mfhJ extraction of a solution is uncertain. 
On the contrary, thejm^je^^yihe right shows a peak that emerges from 
the solution set and^|tis%Mcriminant [LMDC-SENSO, 2009]. 
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Figure 11 a-b. Probability distributions after fusion with bad confidence (left) and good 

confidence (right) 


Data fusion is a complementary tool that makes the combination process 
more systematic and that adds the interest of visual representation. It can 



















be also helpful to select the best observable(s) and to allow for the 
development of automatic quantitative protocols. However, one should 
keep in mind that the eye and expertise of NDT practitioners remains 
essential. The mathematical process, even if automatic, is based on 
choices derived from expert knowledge regarding the confidence they 
give to their techniques. This defines the shape of each individual 
distribution of probabilities (figure 8) through the shape of the 
mathematical operator for fusion. 



5. Quality of techniques and quality of assessment 

This chapter was devoted to analyze how non destructive techniques can 
be combined in a formal way, to improve the conclusions provided by 
single techniques. The methodology was developed on examples in 
relation with the material or engineering properffi^s of concrete (porosity, 
Young's modulus, saturation rate). "This metTOlology can also be used for 
other material parameters (e.g. concrete strength) and for geometrical 
assessment (e.g. depth assessment, delamination assessment...). 

It has to be kept in mind thattl'ff 'Type [D]" combination is based on the 
inversion of the f, modeftjA/n ^JjJ ink what is measured (Tj) to what has to 
be assessed (Yj). 


eijfains a necessary step. It has been shown that the 
assessment depends on three sets of parameters: 


Thus, modellin 
final qualijy o 

(a| the no 

(b) the quality of the models used for inversion/identification 

(c) the choice of the relevant techniques for each specific purpose, 
based on their (individual) sensitivities and (when combined) 

complementarity. 







5.1. Effect of the noise 


The two main challenges are its reduction and quantification. The 
measurement noise is partly due to the material heterogeneity at micro¬ 
scale and partly due to lack of repeatability. The reduction is only possible 
for repeatability. The best way would be the definition of standard 
procedures, which are currently still uncommon for non destructive 
assessment of concrete. RILEM can take its part, by mobilizing experts for 
a series of known techniques. The standard procedures must not qynily 
concern the equipment but, more globally, the way measurem^^ arc 
done. Of course, technical improvements on devices and equipment can 
also contribute to increased measurement quality. 

The definition and use of national/international referen% iTites would 
also be positive, since they would offer the pomjDilify of comparing 
techniques and procedures, in order to select the best ones (regarding 
the repeatability of measurements). Such test sites have been designed, 
more often at a national scale andfor purpose (e.g. check the 

limits of a given device for defect detection). The idea would be to write 
common specifications, and perhaps to prepare an international 
benchmark on a series of referdn^ test sites. 

It is also of primary iricprl^pce to quantify the repeatability for each 
technique. The repeatability depends on the specimen (laboratory 
specimens, on site structures...), on the device used, on the conditions 
during measurement (e.g. control of external conditions, way of preparing 
the surface^f positioning the measurements). The repeatability must 
also b^Lqu^tifiea at a very local scale (in a delimited area of few cm 2 ) and 
aMnore global scale, thus including the effects of material variability in a 
'normal nomogeneous concrete". Developing a database that would 
combine data about repeatability would be of great value, since knowing 
the variance of measurements is required before: (a) selecting the "best" 
techniques, (b) identifying the scatter/uncertainty in assessment. 
























5.2. Quality of the models used for inversion/identification 


The models discussed here were mainly based on statistical data analysis. 
Such empirical modeling can be developed for larger series of indicators 
(including carbonation, chloride content...) and observables. But the 
models must also be improved. If one considers statistical regression, the 
linear models are not well suited to describe the complexity of the physics 
involved. 


e shown 
i^wary 


For instance, the measurements in the SENSO program have, 
[LMDC-SENSO, 2009] that the ultrasonic velocity does 
monotonously with water content as shown on Figure 9. Measured values 
from 8 different concretes (with varying w/c, different aggregate type and 
size), and five levels of saturation from S r = 0 % to S - lmp% [Balayssac, 
2008] are shown. 

Eq. [15] which expresses a bilinear de^n|^icy for pulse velocity of 
compression waves on saturation rate and porosity is only valid when Sr is 
larger than 40%, while it leads to significant errors for drier specimens. If 
one focuses on sensitivity to saturation rate (fig. 11) an alternative model 
writes (porosity here remaining an uncontrolled parameter): 

T 2 = 0.1832 S r 2 - 15.796 

The velocity of wave^gxKibits a non monotonous variation and the model 
inversion would lead to values different from those provided by Eq. [15]. 
This non Iinearitv4i§d yet been observed on other porous materials, like 
stones, and justified by theoretical considerations at the pore scale. It can 
be however no%d that in the range S r = [30 %, 100 %] which corresponds 
to the practigfef range on real structures, the linear dependency remains a 
good approximation.. 
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Figure 11. Non linear dependency of compression waves velocity j 
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More care can be devoted to the development ofiipodels laying on some 
physical basis, and not only on empirical/st^fistical considerations. Such 
models can provide a better understanding of the measurement process 
itself, which could lead to an improvement of techniques. 

An alternative is the use of heurjsdc models, which do not explicitly 
formalize the relationships exf^r^metween inputs (indicators) and 
output (observables - NL T measurements) but identify and quantify 
possible links. Neur^n^wor^s have been used for building materials. 
However, since such nic. dell do not provide an explicit relation, inversion 
is not possible. Thu&$]jlthe inverse relation (Yj = g(Tj)) which has to be 
identified by the heuristic model. 

In an^ap. empirical models, more or less based on physical reasoning 
and modelinl, or heuristic models, the development of reference sites 
and me^Rrements databases would provide the basis for modeling. The 
model error has also to be systematically quantified, since it contributes 
to the uncertainty of the final assessment. Of course, this model error has 
a lowest limit, due to the measurement uncertainty. 








5.3. Complementarity and efficiency of combination 


Now, the efficiency of combinations can be assessed itself. It can be 
counterproductive to repeat redundant measurements or to perform 
additional measurements that do not provide any additional information. 
We have therefore suggested an approach for analyzing this efficiency. 


Using the example of multivariate models, Figures 2 and 3 and Equations 
[6] and [7] have shown how the complementarity can be illustrated and 
quantified. To be more general, the problem van be reduced to tha^of 
the different sensitivity of two (or several) techniques to two (or several) 
indicators. If the Tj = /(Yj) relationships are known, the quality of 
complementarity is easily quantified from the partial deriltows on the 
corresponding surfaces. Thus, developing a general anajfiis^of possible 
efficient combinations would require first the development of the 
knowledge database of models. T 

In the short term it is possible to justify the choice of efficient 
combinations of techniques for a given assessment purpose using existing 
information. Some challenges that should be addressed in the future: 

• Improving the on site strength assessment of concrete: the SonReb 
process could be reanalyzed and possibly improved by quantifying 
the level of com^erefcitafliy between rebound and velocity of 
surface waves,^^t^so with possible alternative techniques, like 
resistivity measufitpenis or pull-out semi-destructive tests. 

• The issue of carbonatation depth assessment is a key question, since 
the carbonated layer has a strong influence on the material behavior 
arid thperore on many ND measurements. It can be considered as a 
Hsturbing factor for measurements carried out for other reasons, 
preventing their accurate analysis. Alternatively carbonatation can 

Considered as a testing problem of it's own and addressed 
through the combination of well chosen techniques. 


• The chloride content assessment requires some destructive tests and 
analysis. It appears however that several techniques (mainly 
electromagnetic or electrical, (Hugenschmidt and Loser, 2008)) are 
sensitive to chloride content, thus opening new possibilities of 
development. 





























This list is not limitative and the future development of practical use of 
NDT will depend mainly on their ability to provide quantitative results, 
ideally directly usable by the engineer. Throughout this book it has been 
tried to show how recent progress has been achieved and what could be 
future improvements. 


NDT assessment often remains a field for specialists because of the 
complexity of measurements and post-processing. But, the limiting factor 
is much more scientific knowledge and the capacity of experts to 
formalize the problems than the data processing itself. 

Of course it would be a good point to develop tools and 
supporting the final assessment, This is not an easy talk when several 

.v^v'v’v 

sources of information lead to different (and possibly contradictory) 
results. The development of methods like data fusioa^W^h can provide 
more explicit outputs will be helpful and will contribute to a wider use of 
NDT for concrete assessment. 

.. 
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